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Abstract 
Triodia pungens is one of the 69 species of an Australian native arid grass spinifex which 
covers approximately 27 % (2.1 million km2) of the Australian landmass. The use of fibrous and 
resinous components of spinifex has been well documented in traditional indigenous Australian 
culture for thousands of years. In this thesis the utility of both the cellulosic and resinous 
components of this abundant biomass for modern applications, and a potential economy for our 
Aboriginal collaborators, were explored. One part of this study was focused on the optimisation of a 
resin extraction process using solvent, and the subsequent evaluation, via a field trial, of the 
potential use and efficacy of the resin as a termiticide. Termiticidal performance was evaluated by 
re-dissolving the extracted resin in acetone and coating on pine timber blocks. The resin-coated and 
control blocks (uncoated timber) were then exposed to a colony of Mastotermes darwiniensis 
termites, which are the most primitive active and destructive species in subterranean areas, at a trial 
site in northeast Australia,  for six months. The results clearly showed that spinifex resin effectively 
protected the timber from termite attack, while the uncoated control samples were extensively 
damaged. By demonstrating an enhanced termite resistance, it is shown that plant resins that are 
produced by arid/semi-arid grasses could be potentially used as treatments to prevent termite attack. 
In the other part of this study it has been demonstrated that very small diameter and 
unprecedentedly high aspect ratio cellulose nanofibrils (NFC) can be readily isolated from spinifex 
biomass using unrivalled mild pulping coupled with minimal mechanical energy by any of three 
methods; high pressure homogenizer, ultrasonication, and milling. After washing, delignification 
and bleaching steps, the mechanical defibrillation of fibres was optimized by varying the specific 
processing conditions of each of these three mechanical treatment methods. Cellulose nanofibres 
with an extremely low average diameter (below 10 nm) and high aspect ratio (~500) were produced, 
even after applying very low energy processing. Similarly, acid hydrolysis at lower temperatures 
and acid concentrations with respect to the published contemporary protocols yielded high aspect 
ratio cellulose nanocrystals (CNC), for which the average lengths were found to be unaffected by 
further ultrasonic treatments. We hypothesize that the chemical and morphological origins for this 
surprisingly low energy input requirement for isolating high aspect ratio nanofibers from Triodia 
pungens is directly related to the plant’s unique morphology and composition, which contains 
unusually high amounts of hemicellulose. It is also hypothesised that these unique traits are a result 
of this species’ evolution, which has been heavily influenced by an extreme semi-arid climate.  
Polyurethane and spinifex CNC nanocomposites were also prepared via twin-screw reactive 
extrusion and solvent casting. Twin-screw reactive extrusion offered better CNC dispersion and 
resulted in superior mechanical properties with respect to the solvent casting method. 
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“When you go through a hard period,  
When everything seems to oppose you, 
... 
When you feel you cannot even bear one more minute,  
NEVER GIVE UP! 
Because it is the time and place that the course will divert!”  
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1.1  Background and significance of this project  
This PhD project forms part of a larger Australian Research Council (ARC) project involving 
a multidisciplinary team of researchers from anthropology, architecture, botany and materials 
science disciplines that aims to combine Australian Aboriginal traditional knowledge with modern 
themes of biomimetic and nanotechnology science to explore the future sustainable applications of 
spinifex grasses as an abundant and renewable bio-resource. 
Spinifex grasses have been largely ignored as a sustainable resource, despite their widespread 
distribution throughout Australia, and unique biology that has evolved within harsh environments. 
As spinifex grasses have had to adapt to changing climates, extremely poor soils, high levels of UV 
radiation and low rainfall, it is likely that the resultant evolutionary adaptation of these unique 
plants has necessitated the production of unusual physical structures and/or organic compounds 1. 
Spinifex resin has been traditionally used by Australian Aborigines for medicines, hafting 
tools and repairing damaged equipment; the grasses were also used as a cladding in shelter 
construction 2. However, before commencement of the ARC project and this thesis, no systematic 
and scientific research had been undertaken into the potential engineering applications of spinifex 
for modern usage; therefore, our knowledge was limited to nature and Aboriginal people’s 
traditional knowledge.  
The research effort presented in this thesis is focused on the replacement of petroleum-based 
compounds, plastics and composites with more environmentally friendly materials. In addition to 
investigating a renewable polymeric plant resin and the isolation of novel nanoscale cellulose 
particles, both derived from native Australian Triodia pungens grass, this project is the only 
materials science investigation of spinifex-based materials, which also takes anthropological 
information into consideration. In this project I have identified, isolated and explored some 
compounds, mixtures or structural building blocks from spinifex grasses that allowed me to prepare 
renewable-based functional or structural materials of scientific interest. Significantly, this enhanced 
detailed understanding of spinifex composition, structure, refining and processing, in a materials 
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science sense, formed the foundation of a provisional patent, “Nanocellulose”, which was lodged on 
the 22nd of November 2013 3. 
 
1.2  Objectives of this research project 
Given the fact that this is the first materials science study involving spinifex components; this 
PhD project has been unavoidably exploratory in nature. However, in order to focus the research, 
the primary goal of this thesis is to explore unique compounds, structures and properties of Triodia 
pungens that may have applications in materials science and engineering. Initial exploratory 
research on properties has led to three secondary goals which make use of modern instrumentation, 
methods, and concepts in material science and nanotechnology. Briefly, these are: 
 
1. To optimise spinifex resin extraction and determine its efficacy as a timber coating and 
termite deterrent; 
2. To optimise deconstruction of the cellulosic components of Triodia pungens, and to 
prepare high quality nanofibrillated cellulose and cellulose nanocrystals; 
3. To produce polymer nanocomposites reinforced with renewable spinifex cellulose 
nanocrystals. 
 
1.3  Thesis outline 
This PhD thesis consists of eight chapters;  
 
 Chapter 1:  Introduces the research background, significance and objectives of this project. 
 
 Chapter 2: A literature review which covers the subjects of spinifex biomass, its 
application by Australian Indigenous people, termite deterrents, micro and nanofibrillated 
cellulose, cellulose nanocrystals, and nanocomposites based on thermoplastic polyurethane 
and cellulose nanocrystals. 
 
 Chapter 3: Is a methods chapter which summarizes the materials, experimental methods 
and characterization tools employed to investigate spinifex biomass building blocks. 
 
 Chapter 4: The first part of this chapter involves the optimisation of a resin solvent 
extraction procedure to achieve reasonably high spinifex resin yields and purity. While a 
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second section presents the systematic evaluation of the termiticidal performance of as-
extracted resin mixture, which was applied as a coating to timber blocks and subsequently 
exposed to termites in the field. 
 
 Chapter 5: This chapter explores the application of different mild chemical pulping to 
spinifex grass in order to determine the best way to isolate cellulose microfibres in 
preparation for subsequent mechanical defibrillation. The effects of each step of pulping on 
spinifex cellulose thermal properties, crystallinity, structure and morphology were also 
investigated. 
 
 Chapter 6: Forms a substantial part of this thesis and relates to the preparation and 
characterisation of nanofibrillated cellulose via the systematic applications, and 
comparison between the following three different mechanical methods; high pressure 
homogenization, ultrasonication, and high energy milling (or micronizing). Additionally, 
the mechanical and thermal properties, crystallinity, and morphology of the nanofibrillated 
cellulose samples obtained were determined. The inorganic contamination in the milled 
nanofibril dispersions was also quantified, and a treatment to remove this contamination 
identified and described. 
 
 Chapter 7: In contrast to mechanical methods for spinifex nanocellulose production, this 
chapter explores the optimal treatment conditions required to produce very high quality 
cellulose nanocrystals by the application of acid hydrolysis. Polymer nanocomposites 
based on aliphatic thermoplastic polyurethanes incorporating spinifex cellulose 
nanocrystals were produced using a solvent casting method in order to demonstrate the 
reinforcement efficiency and potential of these novel nanoparticles. In addition, a more 
scalable method of reactive extrusion was employed to successfully prepare aromatic 
thermoplastic polyurethane nanocomposites from reactive liquid precursors, including a 
stable polyol-cellulose nanocrystal suspension. Basic mechanical characterization was 
performed as a precursor to more exhaustive future applied research work and potential 
nanocomposite polyurethane applications. 
 
 Chapter 8: Summarizes the findings of the thesis and their scientific significance. It also 
recommends sensible directions and activities for future work, and for shadows potential 
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applications of spinifex biomass and spinifex-derived nanocellulose additives and 
materials. 
 
 
 
Figure 1.1. Thesis outline consisting of investigations of a range of spinifex-based biomaterials; 
including a renewable polymeric plant resin and novel nanoscale cellulose particles 
 
 
1.4  A note on the exploratory journey of the research 
 As mentioned before, this project was an exploratory study to understand the modern and 
scientific potential of spinifex resin and grass. In addition to the chapters of this thesis, during the 
3.5 years of my PhD, several additional experiments and analyses were performed, especially 
relating to the spinifex resin, which ultimately did not make their way into the thesis document. It 
would be fair to say, in hindsight that we underestimated the complexity and variability of spinifex 
resin. Some of these experiments included: (i) extraction and analyses of the volatile and non-
volatile components of resin, (ii) an extensive study on nanocomposites comprised of spinifex resin 
and different types of nanoclays to try and increase the resin glass transition temperature, (iii) 
different treatments of spinifex resin in order to improve the thermal and mechanical properties of 
the resin, (iv) an extensive study on milling of spinifex grass in order to optimize the best 
conditions, and (v) solvent cast polymer nanocomposites comprised of spinifex nanocrystals and 
polystyrene. The methodological and scientific findings from some of these incomplete and/or 
unsatisfactory investigations may be taken up in the course of future research. Some aspects of this 
will be outlined in Chapter 8. 
  
5 
 
Bibliography 
1. Toon, A.; Crisp, M. D.; Gamage, H.; Mant, J.; Morris, D. C.; Schmidt, S.; Cook, L. G. 
submitted manuscript at Journal of Biogeography 2014. 
2. Memmott, P.; Flutter, N.; Penny, M., Biomimetic design prospects from an understanding of 
Aboriginal uses of spinifex grasses. In SAHANZ, 2009. 
3. Amiralian, N.; Annamalai, P. K.; Martin, D. Provisional patent application, Nanocellulose. 
22 November 2013. 
 
 
6 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                        Nanocomposite 
 
Chapter 2 . 
 Literature review 
Cellulose 
Cell wall layers 
Cellulose fibril 
Cellulose microfibril 
Cellulose nanofibril 
Termite 
7 
 
2.1  Materials from renewable resources for sustainable development 
New materials derived from biologically renewable resources have gained a great deal of 
interest from researchers in both academia and industry as alternatives to petroleum based 
(synthetic) products due to their potential positive effects on agriculture, environment and economy 
in terms of sustainability 1. Discovery, innovation and translation of these materials technologies 
necessitates coordinated research activities to explore new biomass resources. Biomass resources 
including raw materials (e.g. grass, wood, sugar cane, algae), agricultural crops and their by-
products, oil plants (e.g. oil, fat, glycerol), starch plants (e.g. starch, carbohydrates, celluloses), and 
also waste streams (e.g. from wood, animals, food processing, and bio-waste from households) can 
provide sustainable development opportunities in the production of bio-resource based fuels, bio-
based polymers, and chemicals with high “eco-friendliness” values 3-5. Up until c. 1930, the main 
commercial products from renewable resources were limited to fuels, organic acids, and other basic 
chemicals, while recently the technology of using biomass has developed rapidly into invention of 
novel materials, particularly bio-plastics. Vegetable oils are already being applied mainly in 
plastics, paints, lacquers, and pesticides. Besides ethanol and biogases, the other bio-chemicals like 
acetone, butanol, ethanol, lactic acid and succinic acid are also being produced biotechnologically 
on an industrial scale. Many synthetic polymers, fuels and solvents, materials for the construction 
industry (e.g. sealants, insulants, lacquers, adhesives, binders), paper industry (e.g. coatings, print 
colours, solvents), textile, food, cosmetics, pharmaceuticals and personal care products could be 
produced sustainably from biomasses 6.   
In Australia, in spite of the existence of colossal fossil fuel energy resources, concerns 
relating to emissions of greenhouse gases and discussions about a “carbon tax” have catalysed 
increasing innovation towards the use of alternative high quality Australian renewable energy 
sources such as solar energy, biomass, wave energy and wind energy 7. The government has a plan 
to generate 20 % of its total electricity supply from renewable sources by 2020 8, 9. The main source 
of biomass energy in this country is wood from natural forests. In order to avoid deforestation, it is 
important to look for alternative and supplementary renewable biomass resources. In this thesis, 
spinifex biomass, a native and abundant arid Australian grass, is introduced as an alternative 
renewable resource. 
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2.2   Spinifex as a potential biomass 
In terms of native environmental products, the value of Indigenous traditional knowledge is 
receiving considerable attention. The modern beneficiaries of this traditional knowledge include 
groups with not only cultural and environmental interests, but also an interest in developing novel, 
ecologically-responsible, low-cost biomaterials. The use of plants has been well-documented in 
traditional Indigenous Australian cultures, and 
spinifex in particular has been used by Indigenous 
Australians for many thousands of years. Spinifex 
(also known as ‘porcupine’ and ‘hummock’grass) is 
the long-established common name for three 
genuses which includes genera Triodia, Monodia, 
and Symplectrodia (not to be confused with the 
different grass genus named Spinifex that is 
restricted to coastal dune systems in Australia) 10. 
With a wide distribution across the semi-arid and 
arid regions of Australia, spinifex is the main 
species in the grassland ecosystems of these 
regions, and with a very conservative estimate, 
covers 27 % (roughly 2.1 million km2) of the Australian landmass (Figure 2.1) 11. Spinifex species 
are perennial evergreen xerophytes (desert plants) that grow on a range of low nitrate soils, across 
climatic zones with very high temperatures and low water availability 10, 12. They produce highly 
resilient prickly leaves, growing as hummocks, and often develop into rings providing shelter for 
animals and other plants (Figure 2.2) 13, 14. 
Although Indigenous Australians have 
long used and traded some spinifex species, it 
was first reported in the written record in 
1699, when William Dampier collected a 
specimen of hummock grass (Triodia 
danthonioides), from the southwest coast of 
Western Australia 15. In the 1940s, an 
anatomical variation of leaf structure was 
first documented by Nancy Burbidge. She 
divided the genuses into two broad categories  
 
 
 Figure 2.1. Spinifex distribution 
 in Australia. Current extend 2                                                           
Figure 2.2. Spinifex hummock grassland  
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based on the stiffness of the leaves and production of resin; the ‘hard’ non-resinous species and the 
‘soft’ resinous species, respectively 10. Jacobs 16 has shown that these groupings correlate well with 
leaf anatomy, leaf epidermal characters, and resin production. Mc William and Mison suggested 
that re-examination of the leaf anatomy indicates that these two forms are likely to have markedly 
different physiologies relating to water use and photosynthetic activity 13, 17. Lazarides 10 reported 
over 60 described species of spinifex due to the significant variation in the floral parts. Hard 
spinifex species have stomata (microscopic pores on the surface of land plants) on both sides of the 
leaf, while soft spinifex species lack stomata on the outer abaxial leaf side. Species with the hard 
type anatomy are found throughout arid parts of Australia, with representatives in all mainland 
states 10, 18. The growth form of spinifex is very restricted in distribution outside Australia, and they 
appear to be a kind of adaptation to low-nutrient soil and drought 19, 20. While spinifex grasses can 
tolerate very high moisture stress 21, they are generally absent from the most extreme habitats, such 
as the mobile dune crests and very low rainfall areas 22, 23. 
 
2.2.1  Triodia 
Hummock grassland communities in arid Australia are dominated by spinifex species of the 
genus ‘Triodia’. There are 69 described species of Triodia, which are long-lived and deep-rooted; 
the roots can penetrate to depths of tens of metres under the ground 24. They are characterised by 
their unique drought-adaptive leaf anatomy 10, whereby they have tough, pointed, prickly and 
longitudinally-folded leaves 25.  
 
2.2.2.1  Distribution 
Species of Triodia are endemic to Australia, occurring in all mainland states from coastal 
islands in Western Australia to the east coast of Queensland. The genus is absent only in cold-
temperate and alpine, high-rainfall regions of south-eastern Australia. The greatest numbers of 
species are in Western Australia (46) and the Northern Territory (34). Victoria has two species, 
South Australia eleven, New South Wales four and Queensland 15. Many species are widely 
distributed. Triodia scariosa exists in all mainland States, T. basedowii in all except Victoria, T. 
longiceps, T. pungens and T. schinzii in all except New South Wales and Victoria 10. T. basedowii is 
probably the most widespread and common species, along with T. schinzii and T. pungens 26. 
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2.2.2.2  Ecology 
Species of Triodia occur on very extensive areas of sand plains (such as deep siliceous sands, 
sandy loams and sandy red earths), dune fields, mountains and hills in arid, semi-arid, and 
seasonally arid (monsoonal) regions of Australia  24.  
 
2.2.3  Triodia pungens group 
The soft and resinous Triodia pungens is widely distributed and grows on gravelly and clay 
sandy soils in semi-arid areas where rainfall can exceed 1000 mm in one wet season but is often 
less. Due to the resin production in the leaf sheaths, Triodia pungens is also known as the “gummy 
spinifex” 10. The leaf blades may be flat or flexure, over 30 cm long, and 0.8 - 1.2 mm wide. Triodia 
pungens forms asymmetrical shaped hummocks, 0.30 m to 1 m high and 0.30 m to 1.5 m diameter 
25. The species favours vegetative re-sprouting rather than re-seeding, enabling Triodia pungens to 
regenerate after fire. Field observations have shown that these soft spinifex plants are deep rooted. 
They have a number of thin (approximately 1 mm thick) roots that can be found at depths below 30 
m. However, in dry regions, lateral roots and root hairs are usually absent at these depths 27.  
 
2.2.3.1  Distribution 
Triodia pungens is a densely tufted, permanent, drought resistant grass that grows on both 
plains and rocky hills over much of northern Australia 25, 26, 28. Its alliance occurs in the highest 
rainfall region with the highest nutrient levels 26. Different topographical positions and soils in the 
landscape cause to grow several different morphological forms of T. pungens 29. T. pungens has an 
extensive distribution throughout north of Lat. 27 °S in Queensland, Northern Territory, Western 
Australia, and north-western South Australia. 
 
2.3  Traditional uses by Aboriginal people 
Spinifex has ancient uses and potentially novel material properties. All parts of this plant have 
been used by Aboriginal people for different traditional purposes such as use of the resin for hafting 
stone knives and spear-tips to wooden handles, foliage for shelter-cladding materials, and seed as a 
food source. The volatile compounds that give rise to the intense aroma released by these resinous 
grasses have been widely used by Aboriginal people as medicines 30. The non-exhaustive list of 
Aboriginal uses of spinifex includes: 
• Shelter cladding (widespread), composite cladding systems 
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• Using fibre for making nets, baskets, bags (Western Australia only so far) 
• Using grass for making coolamons (an Indigenous Australian carrying vessel) to minimize 
water loss 
• Using seeds as food (limited evidence, Western Australia arid zone likely) 
• Fish dams (both static, mobile) 
• Secreted resin (as an adhesive gum used for hafting tools and plugging holes in water 
storage vessels 31). More specific functional applications of spinifex resin will be discussed 
in section 2.5.2. 
 
2.4   Contemporary revitalisation of knowledge on spinifex 
This study formed part of a much wider ARC Discovery project (Grant No. DP0877161) 
conducted in partnership with the Dugalunji Aboriginal Cooperation in Camooweal (western 
Queensland) focusing on the physical properties and potential modern commercial applications of 
spinifex resins and grasses. Both fibre and resin have potential uses in building technology as either 
separate or combined products. The wider ARC project has included ecological aspects which 
involve understanding optimal plant propagation to develop sustainable harvesting methods, 
architectural applications including low-tech building construction techniques that draw on 
traditional practice and have potential for local sustainable contemporary applications, and high-
tech, laboratory-manufactured material products that may be of ultimate use in renewable building 
products and modern architecture. 
The primary goal of this thesis is to explore whether the unique adaptations of spinifex to 
extreme environmental conditions have in turn given rise to unique compounds, structures and 
properties that may have applications in materials science and engineering. 
 
2.5    What is known about spinifex resin?  
Resin is a plant product that has evolved frequently throughout higher plants. In spite of there 
being many different definitions of natural resin, it is commonly accepted as a plant secretion which 
is translucent, often sticky, and soluble in organic solvents rather than in water.  
Spinifex resin is a thermoplastic bio-organic polymer, which is a mixture of volatile and non-
volatile compounds and secondary metabolites 32. The resin collected from the spinifex plant is an 
inexpensive, plentiful, renewable material in Australia, and has been widely used by Australian 
Indigenous people for both functional and traditional purposes. 
 
12 
 
2.5.1  Chemical analysis 
The chemical analysis of spinifex resin is a challenging subject and to my knowledge, while 
no studies are to be found in journal publications, one study done as a part of the ARC Discovery 
project and presented in an unpublished conference paper by S. De Silva et al , reported the 
composition of primary components in the Triodia pungens resin by extraction using various 
hexane/methanol mixed solvent ratios (flash chromatography), followed by chemical analysis using 
GC-MS (including use of SPME fibre to adsorb and desorb volatile species), ATR FTIR, 1H and 13C 
NMR. 38 compounds were identified in her analysis. Among them 3-Hexen-1-ol (3.67 %), α-Pinene 
(5.71 %), Camphene (3.16 %) Limonene (25.08 %), Decane (9.31 %), α-Terpineol (6.52%), Bornyl 
acetate (5.1 %), Nerolidol Z, and E (7.18 %) were the main volatile compounds of Triodia pungens. 
She suggested it was near impossible to identify every molecular component in spinifex resin. The 
analysis of the non-volatile fraction of spinifex resin by GC-MS revealed that it principally consists 
of mono and diterpenoid products, some with a labdane-type skeleton. This is certainly an area 
where more analytical chemistry needs to be performed on these Triodia resins; however a decision 
was made early on in my candidature that this chemical characterisation would be beyond the scope 
of my thesis. 
 
2.5.2  Spinifex resin sources and applications 
Spinifex resin droplets or crystals can be collected directly from the spinifex plant, and are 
typically found at the base of the leaf, next to the sheaths, or resin can alternatively be gathered at 
the base of the spinifex clumps, particularly after the plant has been exposed to fire. Here it is 
common to find a resin-rich dark mass, which has been concentrated in the nest of the Spinifex ant. 
In traditional Aboriginal manufacturing, the soft species of spinifex are typically harvested, and 
firstly smashed and/or threshed on a clean surface using a heavy stick, followed by some sorting 
and refining by hand to leave the fine particles of the resin separated from the grass. Then the chaff, 
which is called threshed resin, is heated with a fire stick causing the resin to melt (Figure 2.3) 33, 34. 
Finally the threshed, heated resin is rolled into a ball and pieces can be used as an adhesive or putty, 
mainly for attaching stone blades to wooden implements such as spears, knives and axes 24. More 
heating and working the putty makes it harder, more brittle, and able to remain rigid, even on a hot 
day in the Australian desert 30-32, 34-38. In addition to its typical use as an adhesive, it was also 
commonly used as a water-proofing agent for mending cracks and holes in wooden carrying dishes 
24, 34. Each plant resin is botanically and geographically specific to the environment in which a 
particular group of people are living 39. So reportedly the resin was also sometimes reinforced with 
other materials such as bees wax, fine sand, kangaroo dung and/or plant fibres 40.  
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Figure 2.3. a) Threshing spinifex to extract resin in central Western Australia 18, b) heating threshed 
resin to make a putty 
 
 
2.6  Sustainable development 
Recently, there has been great interest in producing novel modern materials based on 
environmentally-abundant, low-cost plant species whereby the resultant product mimics or isolates 
a particular property or function of the source plant exhibited in its natural habitat. Biomimetic 
theory and its application, bio-inspired design, derive concepts from natural systems and have the 
potential to create new types of sustainable materials from renewable resources. In this project I 
used an approach that links both ethnographic and ecological research with material sciences in 
order to create and test new spinifex-derived building blocks. More specifically, I investigated 
selected physico-chemical properties of spinifex grasses to evaluate the feasibility of producing 
novel and sustainable building technology products. A variety of products were studied, including 
spinifex resin coatings that have anti-termite capacities, as well as spinifex nanofibrils and 
nanocrystals, and subsequently spinifex nanocrystal reinforced polymer composites. 
 
2.7  Termite deterrent 
Termites serve a great role in recycling plant and woody materials, as they decompose the 
cellulose and help to break down approximately one third of the annual production of dead wood. 
Conversely and unfortunately, they are also a highly destructive insects due to their wood eating 
habits. They destroy structural and non-structural building materials, finished goods, plants and 
agricultural crops, and also other domestic goods such as paper, cloth, carpets, and other cellulosic 
materials 41, 42. There are more than 2800 different species of termites, with about 185 considered to 
be pests 43. In Australia, over 300 species of termites exist, and among them, there are about 15 
a b 
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economically important species, which have become particularly well adapted to the urban 
environment 44. The economic losses associated with termite damage for Malaysia, India, Australia, 
China, Japan and the United States were 10, 35, 100, 375, 800 and 1,000 million US dollars in 
2005, respectively 45.  
In Australia, in 2005 the annual cost of repair of damage to timber-in-service caused by 
termites has been estimated by Archicentre (the building advisory service branch of the Australian 
Institute of Architects) to be $780 million annually, which equates to more than the costs for fire 
and storm damage combined. It was estimated that during the years 2000 - 2005, 10 % of Australian 
houses, 650,000 houses, were infested by termites at a cost of about $3.9 billion. The average cost 
of treatment for a pest manager is $1500, and an average building repair cost is $4,500 44, 46.  
Termites are thus a serious and expensive threat to building materials and structures. 
Contemporary protection methods include both physical and chemical approaches. Physical 
methods include physical barriers, heat, freezing, electricity, and microwaves 43. Physical barriers 
for the prevention of subterranean termite attack of wooden structures can be toxic and nontoxic. 
Toxic physical barriers include the use of chemical termiticide in the soil around the structure, and 
nontoxic physical barriers including substances like sand or gravel aggregates, metal mesh or 
sheeting that exclude termites, as they are impenetrable 43. For example, TermimeshTM is a stainless 
steel mesh now commonly employed as a physical termite barrier. Chemical treatment of wood is a 
common and effective method which is widely used to prevent termite attacks. Several termiticides 
containing different active ingredients such as bifenthrin (Makhteshim- Agan-Seizure 100 EC), 
chlorfenapyr (BASF-Phantom), cypermethrin (Effecticide-Spraykill), fipronil (BASF-Termidor), 
imidacloprid (Bayer–Gaucho) and permethrin (BASF-Coopex TC Termiticide) are registered for 
termite control around the world under various brand names 43. In spite of many decades of 
successful termite control through the application of chemical termite deterrent agents, there are 
serious and growing concerns regarding the use of chemical pesticides leading to environmental 
pollution and health disorders. To avoid these problems, it is necessary to look for alternatives to 
minimize the use of synthetic and harmful chemicals 41. Bio-pesticides, which are extracted and/or 
purified substances from plants and wood are potentially promising replacements due to associated 
advantages such as their minimal toxicity to mammals, their widespread availability, repellency 
and/or toxicity to pests, and relatively low cost 47-49 . For example, the crude resins obtained from 
Dipterocarpus 50, ester fraction of J. curcas and karanjin of P. pinnata oil 51, Guayule resin 
extracted from arid grass Parthenium argentatum 48, 49, 52, and the leaves of a Brazilian tree 
(Copaifera langsdorfii) have been known to be significant elements of plant defence against insects 
and termites 53.  
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The objectives of Chapter 4 are firstly, the optimisation of a resin solvent extraction 
procedure, and secondly, to systematically evaluate the termiticidal performance of the as-extracted, 
non-purified or fractionated resin mixture. 
 
2.8  Cellulose and nanocellulose 
Cellulose is the most abundant polymer available worldwide with an estimated annual natural 
production of 1.5×1012 tons and considered as an almost inexhaustible source of raw materials 
which has been used for about 150 years 54, 55 . Cellulose is the main constituent of cell wall in 
lignocellulosic plants, and its content, composition and organisation depends on the plant species, 
growing environment, position, growth, and maturity. 
The term nanocellulose generally refers to cellulosic materials having at least one dimension 
in the nanometer range. The concept of breaking down cellulose fibres into structural components, 
micro and nanofibrils, has recently become a topic of intense academic and industrial interest. 
These nano particles are well-known for their unique structure and many useful characteristics. A 
large number of applications are emerging in multiple industries.  
The microstructure of plant cell wall includes primary walls (the outer very thin part which is 
usually less than 1 μm) and secondary wall which consists of three layers composed of microfibrils 
surrounded in a matrix of hemicelluloses, lignin, and other carbohydrate polymers. The microfibrils 
consist of monocrystalline cellulose domains linked by amorphous domains 56. Amorphous regions 
act as structural defects and can be removed via acid hydrolysis, leaving cellulose rod-like 
nanocrystals, which are also called whiskers, and have a morphology and crystallinity similar to the 
original cellulose fibres 57, 58. Cellulose, a linear homopolysaccharide composed of β-d-
glucopyranose units linked together by β-1–4-linkages (C6nH10n+2O5n+1 ) is predominantly located in 
the secondary wall 59.  The hierarchical structure of cellulose derived from wood is illustrated in 
Figure 2.4. Functionality, flexibility and high mechanical strength/weight performance of cellulose 
fibres can be developed by exploiting hierarchical structure design that spans nanoscale to 
macroscopic dimensions.  
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Figure 2.4. Schematic showing the hierarchical structure of tree 
 
 
2.8.1 What is nanofibrillated cellulose (NFC)? 
Nanocelluloses can be classified to different subcategories on the basis of their dimensions, 
functions, and preparation methods, which mainly depend on the cellulosic source and processing 
conditions. Nanofibrillated cellulose (NFC) is a  small structural unit of plant fibre, consists of a 
bundle of stretched cellulose chain molecules with a diameter of 4 -10 nm and a length of 500 -  
2000 nm 57. Nanofibrillar cellulose 60 , cellulose nanofiber 61, cellulose nanofibril 62 and even 
sometimes microfibrillated cellulose (MFC) 63 are all the terms used for nanofibrillated cellulose 59. 
It is worth nothing that nanofibrillated cellulose is generally produced through mechanical methods 
after chemical/mechanical or enzymatic pretreatments of highly purified pulp, while 
microfibrillated cellulose is commonly produced via mechanical treatment of purified pulp without 
any further pretreatment  and has a diameter in the range of 10 - 100 nm and a length of 0.5 - 10 μm 
57, 64.  
The isolation of cellulose fibres from cellulose source materials occurs in two stages of; (i) 
purification and pretreatment of the source material, then (ii) separation of these purified cellulose 
materials into their nano-sized components 57. As mentioned previously, the microfibrils are 
embedded in a matrix of hemicellulose and lignin, therefore in order to disintegrate the cell wall 
into the bundles of microfibrils, a particular pretreatment such as either a chemical 65, mechanical or 
enzymatic step which also is called pulping is necessary 66-69. Several approaches are used for the 
second stage to isolate microfibrillated cellulose from the cell wall of wood and lignocellulosic 
materials, and these include; using very high shear mechanical processes, such as high pressure 
Biomass 
Wood 
Wood cell Cell wall layers 
Cellulose fibril 
Cellulose nanofibril 
Cellulose microfibril 
Cellulose nanocrystal 
Cellulose 
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homogenizers 70-73, grinding, milling or refining 74-78, cryocrushing 79-82, high intensity ultrasonic 83-
85, microfluidization 68, 72, 86 and through a combination of mechanical and chemical treatments 87-89 
or enzymatic treatments 90-92 for producing NFC. Figure 2.5 compares two established procedures 
for producing MFC and NFC. The various mechanical methods consume energy at different levels 
and lead to different types of micro and nanofibrils, depending on the cellulose raw material 86, so 
chemical and enzymatic pretreatments can facilitate fibre disintegration into cellulose nanofibrils. It 
is important to understand the kinetics and factors affecting the degradation tendency of each 
cellulose source, especially if looking for a scalable method to produce NFC or MFC 69.  
The MFC and NFC are mostly extracted from bleached kraft pulp 87, 93-97, followed by 
bleached sulphite pulp 61, 98-100 and other sources such as agricultural crops and their by-products, 
like sugar beet pulp 101, 102, wheat straw and soy hulls 70, 82, sisal 103, 104, bagasse 105, palm trees 106, 
ramie 105, carrots 107, cotton 108-110, potato tuber cells 111, banana rachis 112, lemon and maize 113, 
hemp 110, 114, 115, and pea hull fibre 116.  
 
 
 
 
Figure 2.5. Comparison between common established procedures for producing MFC (top) and 
common established procedures for producing NFC (bottom) 
 
2.8.2  Properties and applications of nano and microfibrillated cellulose 
Among all of the different kinds of nano-sized cellulose particles, NFC and MFC can be 
prepared more easily with high yields via scalable mechanical methods, which provides the 
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opportunity of using these nano and microfibrils in a number of industrial fields and products 68, 91. 
Nano and microfibrillated cellulose have revealed interesting and promising properties such as good 
mechanical properties 91, high stiffness and mechanical resistance along the longitudinal direction, 
high aspect ratio 68, low-cost, amenability to surface functionalise, biodegradability and 
renewability 96. Having a theoretical modulus of 145 GPa and the ability of forming dense networks 
due to interactions between nano-sized elements through strong hydrogen inter-fibrillar bonds or 
entanglements, making these particles very suitable as reinforcements in polymer nanocomposites 
68, 91, 96, 117, 118. It has been reported that NFC can enhance the toughness of composites compared to 
the pulp fibers 119. The elastic modulus and tensile strength of NFC-based films developed from 
softwood pulp were respectively found to be 12 and 16 times higher than those of non-woven made 
of wood pulp 120. The optically transparent composites 121 made of these nanocellulose particles also 
have good oxygen and water vapour barrier properties due to the relatively high crystallinity 122 and 
high cohesive energy density, which provide some potential uses in the field of packaging with high 
barrier properties 123. Nanofibrillated cellulose can also be used as thickeners 68, dispersion 
stabilizers 118, 124, absorbent sheets 91, antimicrobial films 124, materials for biomedical applications 
125 and air and water filtration materials 91. The high water retention capacity of nanocellulose 
makes it highly desirable as gel-forming agent in the food, pharmaceutical and cosmetic industries 
69, 68. It has been found that these particles also are good additives in paper and paperboard 
manufacture due to their superior mechanical properties such as strength and stiffness and the 
ability to form thin films 119. In addition, renewability and biodegradability of micro and 
nanocellulose offer sustainable and viable alternatives to synthetic materials 89, 126, 127. 
Commercially, the three leading enterprises producing nanocellulose at the time of writing this 
thesis were CelluForce (Canada) , Innventia (Sweden) and FPInnovations (Canada) who were 
reportedly producing 1 tonne, 100 and 80 kilograms per day, respectively. 
 
2.8.3  Methods of producing nanofibrillated cellulose 
Some of the main mechanical methods of producing NFC, which are also employed in this 
thesis are; homogenization, ultrasonication, and high energy milling. 
 
2.8.3.1  Homogenization 
Treating fibres with a homogeniser involves the preparation of a dilute fibre dispersion with a 
concentration of lower than 1 - 2 wt% in water in order to delaminate the fibres. Applying a large 
pressure drop under high shearing forces and impact forces against a valve and an impact ring lead 
to splitting of the fibres and a reduction of diameters to between 20 and 100 nm, and estimated 
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lengths of several micrometers 117, 128-130. In order to increase the degree of fibrillation, fibers are 
typically cycled through the homogenizer for approximately 10 - 20 passes 66, 86. It is obvious that 
with increasing the number of passes, the required energy for disintegration will also increase. The 
other disadvantage of using homogenization to produce NFC is regular clogging of the system by 
long fibres, which necessitates disassembly in order to clean and re-start the process. In order to 
facilitate this process, mechanical refining or some kind of chemical treatment, tends to be 
beneficial, prior to homogenization 86. 
 
2.8.3.2  Ultrasonication 
The ultrasonic technique has been studied as a powerful tool to isolate cellulose nanofibers. 
This method converts mechanical or electrical energy into high-frequency acoustical energy in the 
range of approximately 10 - 100 kJ/mol which can isolate cellulose nanofibrils from cellulose fibres 
92. The mechanism of this treatment is based on the energy produced by formation, expansion, and 
collapse of cavities in aqueous solution. The resulted waves on the surfaces of natural fibres,  
produced during the cavitation, cause erosion of the surface of the fibers and isolate the fibrils 110. 
The ultrasonic technique has been used to isolate cellulose nanofibrils from different sources of 
cellulose such as wood , lyocell, wheat straw, cotton, bamboo, ramee, and hemp 83, 84, 92, 110, 131-134. 
Long nanofibrillated cellulose also obtained by this method from commercial microcrystalline 
cellulose exhibited very high mechanical properties beneficial for using as a filler to make 
nanocomposites 132, 133. A disadvantage of this process is that it is less scalable and involves a 
higher capital expenditure than other methods. It is therefore seen more as a “research interest” 
more than a fully-industrialisable approach. 
 
2.8.3.3  High energy milling 
Mechanical milling is one of the widely used techniques to fabricate a nano-structured 
material that has unique properties and it is feasible for large-scale production, while being a simple 
and low-cost technique with high yield. In this (dry or wet) process, often called grinding or 
micronizing, the starting small particles are trapped between moving balls and the inner surface of 
the mill vessel and the kinetic energy of the balls can result in breakage of chemical bonds, 
rewelding, and fragmentation of material, and consequently results in producing fine and dispersed 
particles in the powder or fluid matrix. Milling of cellulose fibres has mostly been used as a 
pretreatment of woody biomass in preparation for bio-ethanol production. The structural changes 
consist of reduction in the crystallinity and size of crystals, increasing the surface area and 
decreasing the degree of polymerization 135-139. Zhao et al 137 applied this method to decrease the 
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crystallinity as a pretreatment of producing cellulose nanocrystals by a dilute acid hydrolysis. Ago 
et al 140 demonstrated the crystalline transformation from cellulose I to cellulose II using ball 
milling in a specific amount of water as a medium. Zhang et al 78 and Liimatainen et al 141 used 
milling as an instrument to produce nano/microfibrils from the cellulose fibres. The feasibility of 
using milling is further increased by the possibility of chemical modification of the cellulose 
material during the milling process, which provides potential for producing minuscule 
nanocellulose derivatives in commercial scale quantities. 
A substantial part of this thesis (Chapter 5 and 6) relates to the preparation and 
characterisation of spinifex-derived nanofibrillated cellulose via the systematic application of these 
three different mechanical methods, and determination whether an optimum set of processing 
conditions exists for each approach. 
 
2.8.4  Cellulose nanocrystals (CNC) 
Cellulose nanocrystals have been of growing interest because they are biocompatible and 
biodegradable and can be obtained from a variety of natural sources. CNC are bound by intra- and 
intermolecular hydrogen bonding and organised into elementary fibrils separated by non-crystalline 
regions (lignin, pectin, hemicellulose). By defibrillation and/or removing the other amorphous 
components, the highly crystalline nanofibrils can be recovered 142. Different methods have been 
applied to prepare cellulose nanocrystals, and each of them leads to different types of nanomaterial 
(e.g. shape, length, and diameter), depending on the source of cellulose and the deconstruction 
process employed (e.g. controlled time, temperature and acid concentration), and also applied 
pretreatments 121, 143-145. The most typical and widespread process of producing cellulose 
nanocrystals (CNC) involves strong acid hydrolysis under strictly controlled conditions of 
temperature, agitation, (sometimes) pressure and time to remove amorphous and disordered or para-
crystalline regions and consequently isolate crystalline domains with higher resistance to the acid 
attack (Figure 2.6) 129. Depending on the cellulose source and hydrolytic conditions, cellulose 
nanocrystals with the diameter range of 3 - 15 nm and length in the range of 50 - 500 nm are 
isolated 57. 
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Figure 2.6. Schematic of idealized configurations of the crystalline and amorphous regions of 
cellulose microfibrils, and the removal of amorphous regions after acid hydrolysis 
 
 
2.8.4.1  Properties of cellulose nanocrystals 
Nano-sized cellulose crystalline substrates display reasonably high aspect ratio, high specific 
surface area, high crystallinity, high Young’s modulus, high specific strength and flexibility, low 
density, low thermal expansion, unique optical and specific barrier properties, and also 
biocompatibility and biodegradability 144-150. These properties help to make a rigid CNC percolating 
network via hydrogen bonds as the filler in several natural and synthetic polymeric matrices 
including; natural rubber 151, 152, polystyrene 153, 154 polypropylene 155, poly (vinyl chloride) 156, 157, 
poly (lactic acid) 158-164, hydroxypropyl cellulose 89, amylopectin-glycerol blends 165, 
polycaprolactone 166-168, silk fibroin 147, poly(vinyl alcohol) 89, 169-172,  polyurethane 147, 173-176,  starch 
177, 178,  chitosan 179, 180, and soy protein 181. 
 
2.8.5  Nanocellulose reinforced composites 
Cellulose reinforced composites are characterized by low cost, desirable fibre aspect ratio, 
low density, high specific stiffness, strength and corrosion resistance 182-185. As a result, they are 
increasingly being evaluated in various fields such as materials science, electronics, catalysis and 
biomedicine and also several sectors of engineering such as automotive, aerospace, construction, 
and sports equipment manufacturing 184, 186. The composites made of cellulose nanoparticles have 
flexibility during processing with no harm to the equipment, good mechanical properties, enhanced 
energy recovery, and reduced dermal and respiratory irritation 187. Additionally, their 
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biodegradability and biocompatibility enables cellulose reinforced materials to potentially be used 
as biomaterials or scaffold in medical device or tissue engineering applications, respectively 188. It 
has also been demonstrated that with the appropriate surface modification, nanocellulose additives 
can impart antimicrobial properties to polymeric matrixes 189. 
One host polymer type which has received a lot of attention in terms of nanocellulose 
reinforcement is polyurethane 175, 190, 191, where cast elastomer 192, foam 193, 194, and thermoplastic 
elastomer 195, 196 based nanocomposites have all been reported. Thermoplastic polyurethane (TPU) 
is a particularly interesting class of polyurethane due to great chemical versatility, and a wide range 
of properties, service temperatures and hardness options, excellent tear and abrasion resistance, 
good resistance to nonpolar solvents and high compression and tensile strength 197. These properties 
make TPUs the polymers of choice in many products such as biomedical devices, automotive 
components, cables, films, roller systems coatings, foams, adhesives and food processing equipment 
198, 199. Typical linear TPU block copolymers consist of alternating flexible “soft” and rigid “hard” 
segments. The hard segment rich crystalline or paracrystalline phase is composed of a low 
molecular weight diol or diamine (chain extender) with diisocyanate and engenders stiffness and 
strength to the TPU while the soft segment, typically composed of a high molecular weight 
polyester or polyether polyol, provides a rubbery matrix which controls low temperature properties 
and increases the extensibility of the segmented polyurethane 176. In general, during polymerization 
the active isocyanate groups in thermoplastic polyurethanes can readily react with hydroxyl groups, 
so if carefully managed, there is an opportunity to promote a small degree of covalent coupling 
between the nanocellulose and the polymer matrix, which can help avoid cellulose agglomeration 
200, and enhance interfacial stress transfer and mechanical performance of composite. 
One of the specific challenges in preparing polymer nanocomposites is to improve the balance 
between stiffness, strength, and strain-to-failure. For example, too much stiffening and a 
concomitant loss of resilience are not desirable for these TPU thermoplastic elastomers. Several 
studies have been performed on polyurethane host systems by introducing microfibrillated cellulose 
(MFC) 173, 201, microcrystalline cellulose (MCC) 201 and cellulose nanocrystals (CNC) 195, 201-205. The 
cellulose nano/microfibrils can improve the ultimate mechanical properties of the polyurethane 
nanocomposites. In one experiment an increase of 500 % in the tensile strength was achieved 176 in 
a polyurethane nanocomposite reinforced with 16.5 wt% of cellulose nanofibrils and prepared by 
using a compression molding method. Similarly, polycaprolactone-based waterborne polyurethane 
nanocomposites incorporating CNC have shown a significant increase in the tensile strength, 
Young’s modulus 206 and tensile modulus 203 . Pei et al 176 synthesized a nanocomposite using in-
situ solution polymerization, thereby introducing some covalent bonding between a very low 
volume fraction of reactive CNC with the hard segments of a polyether based TPU matrix. Only 1 
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wt% addition of cellulose nanocrystals was required to improve the stiffness and toughness of the 
thermoplastic polyurethane significantly, and most impressively, without reducing its extensibility. 
Increases in strength, elongation potential and thermal stability have also been reported for bio-
nanocomposites made of vegetable oil derived TPU and nanocellulose. Rueda et al 198 , Aranguren 
et al 191 , Wu et al 201 , and Marcovich et al 202 have all analysed the effect of the addition of 
cellulose nanocrystals on thermal, morphological and mechanical properties of polyurethane 
nanocomposites. A strong interaction between matrix and reinforcement was enabled during curing, 
through a chemical reaction between the OH groups of the cellulose polymer and the isocyanate 
component. This reaction leads to the increase in the Tg, tensile modulus, Young’s and storage 
modulus of the prepared PU films.  
In Chapter 7 of this thesis, aliphatic TPU nanocomposites incorporating spinifex cellulose 
nanocrystals are produced using the solvent casting method. Furthermore, a more scalable method 
to manufacture high performance aromatic TPU-spinifex CNC nanocomposites is presented through 
the use of reactive extrusion of a stable polyol-CNC suspension with diisocyanate and chain 
extender components. 
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3.1  Materials 
This chapter describes the methods and materials used to prepare, treat, process and measure 
the properties of spinifex derived materials to address the three thesis objectives introduced earlier. 
 
3.1.1 Spinifex grass 
Spinifex grass and threshed resin were collected directly from Triodia pungens plants 
growing around Camooweal, Queensland, Australia. Timber blocks of Baltic Pine used in the 
termite study (200 × 75 × 25 mm MGP-10 grade), were purchased from a local hardware store 
(Bunnings). Microcrystalline cellulose Avicel PH-101 NF (Farm grade) was purchased from FMC 
biopolymer, Philadelphia, United States. 
 
3.1.2   Chemicals 
The general chemicals which were used in this research, and the corresponding suppliers, are 
summarized in Table 3.1. 
 
Table 3. 1. List of chemicals used in this work and their supplier  
Chemicals Supplier 
Acetone (AR 99.5 %) Thermo Fisher Scientific(Australia) 
N,N-Dimethylformamide EMD chemicals (Saudi Arabia) 
Ethanol (ACS reagent grade)  Merck (Australia) 
Ethyl acetate (anhydrous, 99.8%) Sigma-Aldrich (Castle Hill, Australia) 
Glacial acetic acid Ajax Finechem (via Thermo Fischer Pty Ltd, 
Scoresby, Australia) 
Hydrochloric acid 32% Ajax Finechem (via Thermo Fischer Pty Ltd, 
Scoresby, Australia) 
Chapter 3 . 
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Sodium chlorite (Technical Grade, 80%) Sigma-Aldrich (Castle Hill, Australia) 
Sodium hydroxide Ajax Finechem (via Thermo Fischer Pty Ltd, 
Scoresby, Australia) 
Sulphuric acid 98% RCI Labscan (Bangkok , Thailand) 
 
 
3.1.3.  Aliphatic polyurethane - Tecoflex EG- 80A   
The thermoplastic aliphatic polyether polyurethane with the specific gravity of 1.04 g/cm3 was 
purchased from Lubrizol (Lubrizol Advanced Materials, Cleveland, Ohio, United States) and used 
as-received. 
 
3.1.4.  Polyol - Polytetramethylene ether glycol (PTMEG) 
PTMEG is a waxy, low crystalline solid that melts near room temperature and is produced by 
polymerization of tetrahydrofuran. Compared to polycaprolactones and adipate-polyesters, it has 
lower crystallinity, a lower melting point and lower viscosity. This polyol is the most used 
polyether in thermoplastic polyurethane (TPU) production. In this thesis PTMEG with the 
molecular weight of 1000 was purchased from Invista (Invista, Wichita, Kansas, United States). 
 
3.1.5.  Aromatic diisocyanate - 4,4'-methylene diphenyl diisocyanate (MDI) 
MDI is obtained from the condensation of aniline with formaldehyde to produce methylene 
dianiline (MDA), which is in turn reacted with phosgene to form MDI. Commercial MDI consists 
of over 98% 4,4´-MDI with small amounts of 2,4´-isomer. The pure MDI was purchased from 
Huntsman (Huntsman Polyurethanes, Victoria, Australia). 
 
3.1.6.  Chain extender - 1,4-butane diol (BDO) 
Any short-chain could be used as a chain extender, but 1,4-butanediol is the most frequently 
used in polyurethane production due to the optimum size of hard segments that it produces. 1,4-
buthanediol was purchased from Sigma-Aldrich (Castle Hill, Australia). 
 
3.1.7.  Catalyst - Dibutyltin dilaurate (DBTDL) 
Dibutyltin dilaurate was bought from Sigma-Aldrich (Castle Hill, Australia). 
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3.2.  Methods 
3.2.1  Resin extraction 
Spinifex resin was extracted from threshed grass using different solvents (acetone, ethyl 
acetate and ethanol) by vigorous stirring for 24 hours with varying solvent-to-resin ratios and 
extraction temperatures. Solutions were filtered using Whatman filter paper (GF/C with particle 
retention of 1.2 µm) and evaporated in two steps; first in a nitrogen purging oven (to slowly dry and 
minimize the oxidation of resin) at different temperatures and times, and then in a vacuum oven for 
24 hours at 35 C. All of the different conditions employed for resin extraction are described in 
Table 3.2, and the extraction flowchart is shown in Figure 3.1. 
 
Table 3.2. Different chemicals and conditions used for extracting spinifex resin from threshed grass 
Solvents Acetone , Ethyl acetate, Ethanol 
Temperature of extraction (°C) 30, Room temperature (21) 
Solvent : grass ratio (v/w) 1:1, 2:1, 3:1, 4:1 
Time of solvent evaporation under N2 (hours) 24 , 48, 72 
Temperature of solvent evaporation under N2 (°C) 40, 60, 80, 100  
 
 
 
 
 
 
3.2.2  Evaluation of termiticidal performance of spinifex resin 
The termite resistance property of spinifex neat (dried at 40 °C) and heat-treated (dried at 100 
°C) resins were evaluated by exposing the uncoated and resin-coated timber blocks to subterranean 
termites aggregated in a trench. A 30 % (w/v) solution of resin in acetone was applied to the Baltic 
Pine (Picea abies) blocks using a brush. The coated timber blocks were allowed to dry at room 
temperature for four days. The coating efficiency was gravimetrically determined and the weight 
Figure 3.1. Flowchart representing the spinifex resin extraction process 
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increase after coating was approximately 4 - 5 grams. Then, the coated and uncoated (control) 
timber blocks were alternately arranged (Figure 3.2 (a)) and the whole package wrapped in 
corrugated cardboard and secured with tape ready for installation in the termite trench. The package 
was installed on pine wooden rails (as an additional food source for the termites) on the surface of 
the trench (where termites were already active) then covered with a plastic container and black 
plastic sheeting (Figure 3.2 (b)). The trial site was located at the Rowes Bay Golf Club, Townsville 
(19°12’S, 146°38, E) in North Queensland where the giant northern termite Mastotermes 
darwiniensis is a significant pest species (this is a regular site for evaluating the termiticidal 
performance of different treatments utilized by staff of the Agri-Science Queensland, Department of 
Agriculture, Fisheries and Forestry). After six months exposure, the timber blocks were removed 
and the extent of damage to each timber block was assessed using a visual rating scale combined 
with a quantification estimate according to the following damage scale: 0 = no apparent damage; 1 
= light damage; 2 = moderate damage; 3 = heavy damage; and 4 = specimen missing 
(disintegrated). 
 
 
 
Figure 3.2. Photographs showing; a) alternately arranged resin coated and uncoated timber pieces, 
and b) the samples covered with plastic sheet and soil at a termite trial site in Townsville, 
Queensland, Australia 
 
 
3.2.3  Chemical analysis of lignocellulosic components in spinifex grass 
TAPPI standard methods were used to characterize the components present in spinifex grass 
samples before and after pulping. At first spinifex water washed grass and pretreated fibres were 
ground to create 60 mesh fibre size through small Wiley mill. Then the ground fibre samples were 
extracted with ethanol in a Soxhlet apparatus (Tecator Soxtec System Model HT 1043, from Foss, 
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Denmark) for one hour followed by rinsing with water for another hour. The total lignin content 
was determined using the standard methods (TAPPI, Acid-insoluble lignin in wood and pulp, 
modified method based on Test Method T-222 om-88, 1988; TAPPI, Acid-soluble lignin in wood 
and pulp, Useful Method UM-250, 1991). Monomeric sugars also were determined by ion 
chromatography 1. 
 
3.2.4  Pulping spinifex grass 
In order to remove the non-cellulosic components from the grass and isolate the pure cellulose 
to produce nanofibrillated cellulose and cellulose nanocrystals, spinifex grass was treated in three 
main steps of; washing, delignification, and bleaching. The flowchart in Figure 3.3 summarizes the 
procedures used for pulping spinifex grass in this study. 
 
3.2.4.1  Washing spinifex grass 
Spinifex grass was washed with hot water under vigorous mechanical stirring three times to 
remove impurities and waxy substances covering the external surface of the fibres. After drying, the 
grass was chopped to an approximate length in the range of 0.3 - 7 mm and an average diameter of 
63 ± 38 μm (the size of fibres was measured from SEM images by Image J software). 
 
3.2.4.2  Delignification of spinifex grass 
Two different delignification processes were used to remove lignin; 
 Organosolve :  
In this treatment, chopped spinifex grass was treated with a 40 % (v/v) ethanol solution (25:10 
ml/g solvent-to-grass ratio) at 185 °C for 2 hours under 8 bar pressure in a Teflon-lined autoclave 
then washed with 1 M sodium hydroxide (NaOH) solution and water, respectively. These 
procedures were repeated once more in order to ensure the extraction of the residual lignin existing 
between the fibrils. 
 Alkali : 
For the alkali treatment method, spinifex fibre was first treated with an alkali solution of 2 % 
(w/v) sodium hydroxide (NaOH) with 10:1 solvent-to-grass ratio at 80 °C for 2 hours, and then 
washed with water. 
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3.2.4.3  Bleaching spinifex grass 
In order to remove the residual lignin remaining between the fibrils and loose lignin adhering 
on the surface of the fibre after delignification, spinifex fibre was treated with an acidic solution of 
1 % (w/v) sodium chlorite at 70 °C for an hour with a 30:1 solvent-to-grass ratio and a pH of 4, 
whereby adjustment of the pH was achieved with the gradual addition of glacial acetic acid. The 
bleaching process was repeated one more time until the coloured substances were completely 
removed from the grass. 
 
 
Figure 3.3. Flowchart summarizing the mild chemical procedures used for pulping spinifex fibres 
 
 
3.2.7  Preparation of spinifex nanofibrillated cellulose (NFC) using a high pressure homogenizer 
The 0.1 - 0.7 % (w/v) dispersion of spinifex pulp was passed through a high pressure 
homogenizer (Model EmulsiFlex-C5.Homogenizer, from Avestin Inc, Ottawa, Canada). The 
homogeniser rapidly reduces the size of fibre from micron to nanometer scale based on the principle 
of dynamic high pressure homogenisation. The different homogenization conditions employed for 
producing nanofibrils are summarized in Table 3.3, and Figure 3.4 shows the homogenizer that was 
used in this study. The resulting NFC material was either freeze dried or vacuum filtered for further 
testing. 
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Table 3.3. List of different homogenization conditions used to produce NFC from pretreated 
spinifex fibre 
Homogenization conditions 
Number of passes            1, 5, 10, 15 
Concentration of dispersion (% w/v) 0.1, 0.3, 0.7 
Applied pressure (bar)      350, 1000, 1500 
Delignification Organosolve, alkali 
 
 
 
 
Figure 3.4. High pressure homogenizer used for producing NFC from spinifex pulp (EmulsiFlex-
C5 Homogenizer) 
 
 
3.2.8  Preparation of spinifex nanofibrillated cellulose (NFC) using ultrasonication 
A 1 % (w/v) dispersion of alkali pretreated spinifex fibre in deionized water was treated with 
an ultrasonication probe (Model Q500 Sonicator, from QSonica, Newtown, United States - Figure 
3.5) for different time intervals and amplitudes at the frequency of 20 kHz and the outpour energy 
of 500W(Table 3.4). Treated NFC was freeze dried from dilute aqueous dispersion and stored for 
further analysis. 
 
Table 3.4. List of different ultrasonication conditions used to produce NFC from spinifex pulp 
Ultrasonication conditions 
Time (minutes) 5, 20 
Amplitude (%) 25, 30, 60  
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Figure 3.5. Ultrasonic probe used for producing NFC from spinifex pulp (Q500 Sonicator)  
 
 
3.2.9.  Preparation of spinifex nanofibrillated cellulose (NFC) using high energy milling 
Two different high energy milling configurations were employed to producing NFC from 
spinifex pulp. A Netzsch Laboratory agitator bead mill (LabStar via Netzsch, Selb/Bavaria - see 
Figure 3.6) was used in either continuous (recirculating milling setup with an external reservoir) or 
batch milling mode (with a closed milling chamber). In the continuous setup, a dispersion of 
spinifex fibre in water was subjected to continuous, recirculating milling at 32 °C with variations in 
the total milling time. The speed of milling and pump was 1500 and 65 rpm respectively. In the 
batch milling setup, two different concentrations of fibre dispersion in water were milled at 25 °C 
for different times and different speeds. Table 3.5 summarizes all of the different milling conditions 
applied in this study to produce NFC from spinifex. 
 It is worth noting that all of the preliminary milling results were based on a continuous, 
recirculating milling setup. As a second stage, in an effort to reduce both the amount of energy 
consumption as well as the degree of inorganic contamination from the milling vessel and pot, batch 
milling was employed instead of continuous milling. The resulting NFCs obtained from both setups 
were either freeze dried or vacuum filtered for further analysis.  
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Table 3.5. List of different milling conditions used to produce NFC from spinifex pulp 
Continuous milling  
Time 30 minutes, 1 hour, 2 hour, 3 hour 
Milling bead size (mm) 0.1, 0.4, 1 
Batch milling (using 1mm bead size)                                                                            
Time                    10 minutes, 20 minutes, 40 minutes, 1 hour 
         1000, 3000 
         0.5, 1                                                                                                     
         Organosolve, Alkali 
Speed (rpm)                      
Dispersion concentration (% w/v)                     
Delignification                           
 
 
 
Figure 3.6. High energy mill used to produce NFC from spinifex pulp (Netzsch LabStar Laboratory 
agitator bead mill). This photograph shows the continuous milling configuration  
 
  
3.2.10  Preparation of cellulose nanopaper 
Spinifex cellulose nanopaper was produced by the application of a vacuum filtration step to a 
NFC dispersion using a Büchner funnel fitted with cellulose acetate membrane filter (pore size: 
0.45 μm, diameter: 47 mm via Advantec, Dublin, Canada). The filtration was continued until the 
wet sheet of NFC was formed, then the wet sheet was carefully dispatched from the filter paper and 
dried with three different drying processes listed in Table 3.6. 
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Table 3.6. List of different drying processes of spinifex NFC nanopaper 
Drying methods Time and temperature 
Vacuum drying 50 oC , 48 hours 
Hot press drying 103 oC , 2 hours 
Freeze drying -80 °C, 48 hours 
 
 
3.2.11  Acid treatment with hydrochloric acid (HCl) 
In order to eliminate non-cellulosic components such as inorganic ions from spinifex pulp, the 
sample was treated with 2 M hydrochloric acid solution  at 80 °C for 2 hours 2 before washing with 
de-ionised water several times until the pH=7 obtained.  
 
3.2.12  Preparation of spinifex cellulose nanocrystals (CNC) by acid hydrolysing  
Different concentrations of sulphuric acid solution at 45 °C and 50 °C for different hydrolysis 
times were used to digest amorphous parts of spinifex fibres in order to liberate cellulose 
nanocrystals. The dispersion was then centrifuged four times with a speed of 4750 rpm for 20 
minutes to remove excess aqueous acid and dissolved amorphous components. The resultant 
precipitate was rinsed and dialyzed against water for one week and then re-suspended in water 
using ultrasonication at 25 % and 75 % amplitude for 20 minutes. To avoid the agglomeration of 
CNC in host polymer (e.g. TPU), cellulose nanocrystals were freeze dried from dilute aqueous 
dispersion and re-dispersed in N,N-Dimethylformamide (DMF) at different solid contents. 
 
Table 3.7. Different conditions used to produce CNC by acid hydrolysis  
 
Acid hydrolysis conditions  
Acid concentration (% v/v)  35, 40, 45, 50 
Hydrolysis time (hour)  3, 6 
Hydrolysis temperature (°C)                                              45, 50 
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3.2.13  Preparation of spinifex CNC-based nanocomposites 
3.2.13.1  Solvent cast  
In order to minimize the moisture content, spinifex CNC and TPU were vacuum-dried at 70 
°C for 24 hours and TPU polymer was subsequently dissolved in dimethylformamide (DMF) at 
room temperature by stirring. A dispersion of freeze-dried CNC in DMF was stirred for 1.5 hours 
then subjected to ultrasonication at 25 % amplitude for 5 minutes, whereby the spinifex gel was 
formed (using the Q500 Sonicator). This procedure was repeated three times until the stable 
dispersion of CNC in DMF was obtained. The cellulose dispersion was subsequently added to the 
TPU polymer solution at different target percentages (Table 3.8) and these combined dispersions 
were then mixed by stirring overnight at room temperature with a magnetic stirrer. To ensure a high 
level of mixing prior to casting, the composite solutions were mixed for a further 5 minutes with an 
ultrasonic probe at 25 % amplitude, followed by magnetic stirring for a further 2 hours. 
Immediately prior to casting, the solution was left to stand, unstirred, for a few minutes in order to 
degas. They were then cast into a glass mold and oven dried at 60 °C under a nitrogen gas purge. 
Drying time for the CNC-TPU composites was about 72 hours. It was important to ensure that the 
moisture was carefully excluded during casting; otherwise this can result in low-quality cloudy 
films with inferior mechanical properties. The solvent cast TPU films were then annealed under 
vacuum at 70 °C for 6 hours to ensure complete removal of any residual solvent.  
 
Table 3.8.  List of different conditions used to produce spinifex CNC-based nanocomposites 
Spinifex CNC and thermoplastic polyurethane solvent cast nanocomposite 
Concentration of CNC 
dispersion (mg/ml) 
 Concentration of TPU 
dispersion (mg/ml) 
 Concentration of CNC 
in composite (wt%) 
5  100                   0 
    0.1 
      0.25 
       0.5 
    1 
 
 
 
3.2.13.2  In situ polymerization by twin screw extrusion (Reactive extrusion) 
In order to reduce the effect of moisture, PTMEG was dried using thin/wiped film evaporator 
(VTA, Niederwinkling, Germany) achieving water content below 300 ppm, and purged with 
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nitrogen gas before storage in an air-tight bottle until required for reactive extrusion. The dispersion 
of spinifex CNC in PTMEG was prepared using 0.83 % (w/w) CNC using a proprietary mixing 
process. Before doing the extrusion, PTMEG and MDI both were melted at 55 ºC overnight and the 
chain extender (BDO) was dried using molecular sieve in a bottle, then all of these precursors were 
sealed with an air-tight lid and nitrogen gas purge. 
 
Table 3.9. Composition used for producing TPU based on blank PTMEG 1000 
Hard segment 
ratio 
Isocyanate 
ratio 
Stoichiometry Polyol  
(wt %) 
MDI (wt %) BDO 
(wt %) 
0.44 1           1     56 36.06 7.94 
 
 
Based on these contents and a target throughput rate of 3.21 kg/hr, the following mass flow 
rates were used to produce a blank TPU at a stoichiometry of 1: 
- PTMEG 1000: 1797.6 g/hr 
- MDI: 1157.6 g/hr 
- BDO: 254.8 g/hr 
 
After adding CNC to the polyol, the polyol flow rate was adjusted to compensate for the mass 
of CNC to 1812.5 g/hr. Table 3.10 summarises the flow rates used to produce TPU incorporating 
CNC nanocomposite at different stoichiometries. The higher stoichiometries required for 
nanocomposite formulations due to the additional hydroxyl functionality on the CNC nanofillers 
which consumed isocyanate. This was determined in preliminary trials which are beyond the scope 
of this thesis. 
 
Table 3.10. Reagent flow rates at different stoichiometries to produce TPU incorporating CNC 
Stoichiometry Polyol flow rate (g/h) MDI flow rate (g/h) BOD flow rate (g/h) 
1 1812.5 1157.6 254.8 
1.01 1812.5 1169.1 254.8 
1.02 1812.5 1189.7 254.8 
1.03 1812.5 1192.3 254.8 
 
 
50 
 
Dispensing the reagents 
50 ppm of DBTDL (catalyst) was added to the PTMEG just prior to the reactive extrusion 
experiments, then the mixture of PTMEG-DBTDL, MDI, and BDO were fed directly to the 
extruder’s main hopper using gear pumps. Each reagent line was fitted with a Bronkhorst Coriolis 
mass flow meters allowing very precise flow rate readings and therefore facilitating fine 
adjustments of flow on each of the gear pumps. This enables unparalleled control of ultimate TPU 
and nanocomposite compositions. 
 
Description of the extruder setup 
Reactive extrusion of the blank TPU and CNC-TPU composites were conducted on a small-
scale Entek Emax twin-screw co-rotating intermeshing extruder (via Entek, Lebanon, Pennsylvania, 
United States- Figure 3.8) with a screw diameter of 27 mm and a length to diameter ratio (L/D) of 
40:1. As illustrated in Figure 3.7, the extruder was divided into twelve separately controlled zones; 
10 barrel zones, a die adapter zone and a die block zone. The first barrel zone was not electrically 
heated but was cooled with water. The 9 other barrel zones were electrically heated with cartridge 
heaters and cooled by water flowing through channels in the barrel. The die consisted of three 
circular openings of 3 mm diameter. Table 3.11 shows the details temperature profile employed for 
reactive extrusion of blank TPU and TPU incorporating CNC. It was observed that a 5 ºC increase 
of the die temperature setting was necessary when processing the CNC composite. The throughput 
rate was 3.2 kg/hr with a screw speed of 90 rpm. A water bath was used at the end of the line to 
cool down the final product. It needs to be mentioned that when nanocellulose was added to the 
polymer, it increased the viscosity, so in order to decrease the die pressure, we had to increase the 
temperature of these zones by 5 °C in order to optimise processing conditions. 
 
 
Figure 3.7. Schematic of the reactive extrusion setup 
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Table 3.11. Reactive extrusion temperature profiles 
Zone Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8 Z9 Z10 Z11 Z12 
Set temperature (ºC) for blank 
TPU 
130 190 185 185 185 185 185 180 185 180 175 175 
Set temperature (ºC) for TPU 
+ CNC 
130 190 185 185 185 185 185 180 185 180 180 180 
* The actual operating temperature of the first non-heated zone (Z1) usually varies between 
105 C and 115 C 
 
 
 
Figure 3.8. Twin-screw reactive extruder used to produce spinifex CNC and TPU nanocomposites 
(Entek Emax twin-screw co-rotating intermeshing extruder) 
 
 
 
3.2.13.2.1  Preparation of compression molded samples 
The extruded, pelletized and dried (vacuum oven at 70 °C overnight) TPU and CNC 
nanocomposite materials were put on a pair of Teflon (mold release) sheets and compressed 
between a pair of metal plates in a hydraulic hot press apparatus. The mold has a rectangular cavity 
of 85 mm × 55 mm where the control and nanocomposite sheets were melted inside the cavity. The 
molds were heated at 180 ºC, then TPU pellets were pre-pressed at 4.5 KPa pressure between the 
plates for 20 seconds and then pressure was released. The temperature of molds was maintained at 
180 °C and the next pressure was applied at 7 KPa for 20 seconds, then molds were cooled down 
using water jacket cooling for 20 seconds before removing the samples. Composite films were 
52 
 
annealed at 80 °C for 12 hours under vacuum then allowed to age at room temperature for at least a 
week prior to testing. 
 
3.3  Characterization of spinifex resin, fibres, nanocellulose and polymer nanocomposites 
3.3.1  Attenuated total reflectance (ATR) Fourier transform infrared spectroscopy (FTIR) 
In order to understand the chemical composition and functionalities of the spinifex resin and 
fibre samples, Fourier transform infrared spectroscopy was performed on a Thermo-Nicolet 5700 
ATR FTIR spectrometer equipped with a Nicolet Smart Orbit single bounce, diamond ATR 
accessory (thermo electron Crop., Waltham, United States). Spectra were recorded in the wave 
number range of 4000 to 500 cm-1 and at a resolution of 4 cm-1 for 128 scans. Samples were directly 
pressed onto the diamond internal reflection element of the ATR accessory. 
 
3.3.2  Thermogravimetric analysis (TGA) 
The stability of spinifex resin and fibre to thermal degradation was measured using a 
TGA/DSC thermogravimetric analyser (Mettler Toledo, Tennyson, Australia). An approximately 5-
7 mg sample was placed in a 40 μl aluminium pan and the temperature was increased from 25 to 
500 °C with a constant heating rate of 10 °C/min under nitrogen atmosphere.  
 
3.3.3  Differential scanning calorimetry (DSC) 
DSC measurements were carried out using the Mettler Toledo DSC 1 star (Mettler Toledo, 
Tennyson, Australia). Approximately 5 - 6 mg of spinifex resin was put in a 40 μl aluminium pan 
and scanned over the temperature range of -100 °C to 250 °C, and at a constant heating rate of 10 
°C/min. 
  
3.3.4   Scanning electron microscopy (SEM) 
Spinifex fibre sample was mounted on a sticky carbon tab adhered to a SEM stub and gold 
coated using a SPI-Module sputter coater (SPI supplies, Pennsylvania, United States). The sample 
was imaged using a Neoscope JCM-5000 (JEOL, Tokyo, Japan) operating at 10 kV. 
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3.3.5  Transmission electron microscopy (TEM) 
A 0.04 mg/ml dispersion of spinifex fibre sample in water was sonicated at 25 % amplitude 
for 5 minutes using Q500 Sonicator. 1µl of dispersion was spotted onto a formvar-coated 200 mesh 
copper/palladium grid (ProSciTech, Queensland, Australia) and allowed to dry at room temperature. 
The sample was then stained with a 2 % uranyl acetate aqueous solution (UA) for 10 minutes in the 
absence of light. Then, after removing the excess UA with a paper tip, the grid was allowed to dry 
at room temperature. Finally the grid was examined on a JEOL 1011 TEM (JEOL Pty Ltd., Frenchs 
Forest, Australia) at 100 KV and images were captured on a SIS Morada 4K CCD camera system.  
 
3.3.6  Measurement of diameter and length of spinifex fibre samples 
The average diameter of water-washed, delignified, bleached, chemical and mechanical 
treated fibres was determined using digital image analysis (Image J). For each sample, 250 
measurements of diameter were randomly selected and measured from several TEM images with 
the same magnification. 
For measuring the length of spinifex water-washed delignified, and bleached fibres, and also 
short cellulose nanocrystals, digital image analysis (Image J) was used. For measurement of the 
length of long and curly spinifex NFC two different methods were employed; (a) cryo-TEM, a 3D 
tomography, and (b) measurement from TEM images by AutoCAD software. 
 
3.3.6.1  Cryo-TEM 
Plunge freezing protocol 
4 µl of NFC dispersion in water was transferred onto TEM holey carbon grids (C-flat and 
lacey carbon), in an FEI Vitrobot Mark 3 (FEI Company, Eindhoven, the Netherlands), while the 
chamber was set to 100 % humidity at room temperature (~22 ºC). Optimal blot time was 3 - 5 
seconds, and then the sample was plunged into liquid ethane.  
 
Electron microscopy 
Frozen/vitrified samples were viewed on a Tecnai F30 TEM (FEI Company) operating at 
300kV, and imaged at 23,000x magnification with a Direct Electron LC1100 4k x 4k camera 
(Direct Electron, San Diego, United States), using low-dose mode of SerialEM image acquisition 
software (http://bio3d.colorado.edu/SerialEM/). The reason that samples were subjected to low-dose 
conditions is the extreme sensitivity of the unstained cellulose nanofibres to beam damage. This 
consisted of using spot size five, making focus and exposure adjustments outside of the image 
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capture area, creating a map of grid locations at very low magnification where area selection was 
based on the quality of vitreous ice rather than sample morphology, and performing subsequent 
high magnification imaging via an automated batch imaging function in SerialEM, where the total 
electron dose was limited to 130 electrons/Å² or less. The tilt range was +/-60º with an increment of 
~1.5º to 2.5º.  
Image processing and analysis 
125 2D images were captured in this instance and the raw image data was then processed 
using IMOD processing and modeling software (http://bio3d.colorado.edu/imod). This program 
allows contours to be manually drawn following the non-linear path of each cellulose nanofibril in 
xy space and contains tools for the subsequent calculation of contour length. 
 
3.3.6.2  AutoCAD 
Similar to the use of the IMOD software, the small contours were manually drawn along the 
individual nanofibril or the bundles of nanofibrils in several adjacent high-resolution TEM images 
by using AutoCAD, then the software was used to calculate the sum of contours length 
automatically. It is easier to measure the length of a bundle of nanofibrils in the lower magnification 
TEM images because the microscopist can readily locate the ends. 
 
3.3.7  Optical microscopy 
A drop of dilute dispersion of spinifex fibre sample (0.1 % (w/v)) was put on a clean glass 
slide and dried at 50 °C in vacuum oven for 5 hours then mounted on the stage of optical 
microscopy. An optical microscope (model Alpha 300R microscope via Witec, Germany) was used 
to observe and photograph the samples with 10 and 20x magnification. 
 
3.3.8  X-Ray diffraction 
XRD diffraction analysis was conducted on a Bruker D8 Advance x-ray diffractometer 
(Bruker, Karlsruhe, Germany) with a 0.2 mm slit. Graphite-filtered Cu-Ka radiation was generated 
at 30 kV and 20 mA. A sample was put in the sample holder and scanned over a range of 2θ = 5° - 
40° at a scan speed of 1°/min. The degree of crystallinity of each sample was measured using the 
intensity of XRD peaks. Although this method is sensitive to instrumental inaccuracies, it has been 
widely applied as one of the best ways to measure crystallinity of plant fibres 3. Abraham et al 4 
believed that it is not possible to accurately determine the degree of crystallinity of cellulosic fibres 
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as the crystalline portions are imperfect and not entirely ordered. The degree of crystallinity of the 
spinifex sample was measured using equation (3.1): 
 
Cr =  (
I200 – Iam
I200
) × 100                                                                          (3.1) 
 
Where I200 represents the intensity of the both amorphous and crystalline regions and Iam is the 
intensity of amorphous parts in XRD spectra. 
 The mean size of crystalline regions is another parameter which was used to evaluate the 
effect of different treatments on the crystalline structure of fibre, and was calculated by the equation 
(3.2) 5 : 
 
D =
κλ
βcosθ
                                                                                                 (3.2)    
 
Where K is the shape factor and is approximately = 0.89 , β is the line width in radians at half 
the maximum intensity of I200 , λ is the wave length of the radiation (0.154 nm) and θ is the 
scattering angle of the peak (200).  
 
3.3.9  Measurement of density and porosity  
The density of NFC nanopaper was calculated by measuring the weight of paper and dividing 
it by its volume calculated from the thickness by digital calliper and its area. The corresponding 
porosity was estimated using the following equation (3.3): 
 
Porosity =  1 −  (
ρNFCpaper
ρcellulose
)                                                                   (3.3) 
 
where ρNFC paper and ρcellulose represent density of the obtained NFC film and neat cellulose 
(1460 kg/m3), respectively 6. 
 
3.3.10  Mechanical properties 
3.3.10.1  Tensile testing 
Mechanical properties of porous spinifex NFC nanopaper and CNC based nanocomposite 
with thermoplastic polyurethane were measured at room temperature using an Instron model 5543 
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universal testing machine (Instron Pty Ltd., Melbourne, Australia) with a capacity of 500 N load 
cell. A total of five replicates of each NFC nanopaper sample with 25 mm in length and 6 mm in 
width were tested at a cross-head speed of 1 mm/min and a gauge length of 10 mm. The 
nanocomposite samples were punched using an ASTM D 638 M 3 die to obtain a bumble shape 
specimen. Five replicates of each solvent cast nanocomposite were tested at cross-head speed of 
150 mm/min and a gauge length of 10 mm and five replicates of extruded nanocomposite were 
tested at cross-head speed of 50 mm/min and a gauge length of 14 mm. Young’s modulus which 
reflects the film stiffness, was determined from the slope of the initial linear region of the stress-
strain curves. Maximum tensile strength is the largest stress that a film is able to sustain against 
applied tensile stress before the film tears. Elongation at break is the maximum percentage change 
in the original film length before breaking, and work to fracture represents the tensile toughness 
which is measured as the area under the stress-strain curve. The results were reported as mean ± 
standard deviation. 
 
3.3.10.2  Amplitude modulation- Frequency modulation (AM-FM) 
Height images 
All topography images have been obtained from a dried drop of very dilute dispersion of 
nanocrystal on mica using a Cypher S AFM (Asylum Research/Oxford Instruments, Santa Barbara, 
CA) by employing the taping mode of the AFM in air. The cantilevers used were Tap 300 (Budget 
Sensors, Bulgaria) with nominal resonance frequency of 300 kHz and nominal spring constant of 40 
N/m. 
 
Elastic modulus 
 Elastic modulus of individual cellulose nanocrystal was measured by AM-FM (Amplitude 
Modulation - Frequency Modulation). All experiments have been done using a Cypher S AFM 
(Asylum Research/Oxford Instruments, Santa Barbara, Canada) in AM-FM viscoelastic mapping 
mode employing Tap 300 probes (Budget Sensors, Bulgaria) with nominal resonance frequency fN 
of 300 kHz and nominal spring constant kN of 40 N/m. All probes have been mounted in a high 
frequency/ low noise AM-FM cantilever holder. For the AM pass, probes were actuated to a free air 
amplitude of 1.5 V, at the nominal resonant frequency and engaged at a 800 mV setpoint. The 
second pass was done actuating for the second harmonic at approximately 2 MHz for a free air 
amplitude of 100 mV, while maintaining phase to 90 degrees. Sample engagement was done so that 
probe tapping was in repulsive mode at a phase less than 50 degrees for the AM pass.  
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3.3.11  Inductively coupled plasma optical emission spectrometry (ICPOES) 
This technique was used for detection of inorganic components in spinifex fibre samples. 
Sample was digested using a Milestone microwave digester (Model Ethos-1, Milestone Srl via 
distributed through in vitro, Victoria, Australia) at 1500 W power. Digested samples were analysed 
on a Varian Vista Pro radial ICPOES (Varian inc, Melbourne, Australia) instrument at 1000 W with 
the plasma argon flow of 15 L/min, auxiliary argon flow of 1.5 L/min, nebuliser argon flow of 0.75 
L /min and sample intake rate of 2 ml /min for three replicates. 
 
3.4  Summary 
In order to be concise, direct reference will be made to the various materials and methods 
described in this chapter in the forthcoming results chapters. 
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Chapter 4 . 
Optimization of resin extraction and its 
potential application as an anti-termite 
material 
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4.1  Introduction    
Plant resins are defined as predominately lipid-soluble mixtures of volatile and non-volatile 
terpeniod and phenolic secondary compounds that are usually secreted in specialized structures 
located either internally, or on the surface of the plants. Some physical properties of the resin such 
as fluidity and viscosity are determined by the ratio of volatile to non-volatile compounds 1. Fresh 
resins have been used for several purposes, including as adhesives, lubricants, perfumes, fuels, 
incense, medicines and wine additives throughout human history.  
Phytochemical studies on the resin of the North American G. camporum showed that non-
volatile compounds are formed by two fractions: acidic and neutral 2. Twelve labdane-type 
diterpene acids were isolated from the acidic fraction that accounted for more than 90 % of the total, 
whereas the neutral fraction was composed of a mixture of methyl-esters of grindelic acids, 
flavonoids, sterols, and waxes 3. According to classification, the most widespread and abundant 
form of resinites are derived from resins based on polymers of labdane carboxylic acids, in 
particular communic, ozic and zanzibaric acids. These labdanes may contain conjugated diene 
compounds that can be readily polymerized by a free radical mechanism initiated by light and 
oxidation. Other classes of resinites are based on polymers of candinene, polystyrene, or cedrane. 
Maturation over time induces further cross-linking, isomerisation and cyclization reactions, among 
others 4. In general, plant derived resins are heterogeneous mixtures of many compounds which 
complicate characterisation and thereby obscure the identification of suitable applications.  
Recently due to public concern about the risks associated with chemical pesticides and insect 
deterrents, the promising potential of plant resins in controlling pests and insects has been 
developed. They are locally available, cheap, not harmful to the environment, and also regulate 
insect numbers rather than eliminate them, such that the benefits provided by these insects and 
ecosystems are not lost.  
The objectives of this chapter are firstly to optimise the solvent extraction and drying 
conditions required to achieve a high spinifex resin yield, and secondly, to perform the subsequent 
evaluation, via field trials, to demonstrate the potential use and efficacy of this resin as a natural 
anti-termite coating material. 
 
4.2  Results and discussion 
The schematic in Figure 4.1 shows the resin extraction process employed in this study in 
order to investigate resin extraction with different organic solvents as well as the effects of different 
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extraction parameters on the resin glass transition temperature, functional groups, thermal 
degradation properties, and also extraction yield (the full details of the resin extraction process are 
provided in Chapter 3, Section 3.2.1).  
 
 
 
 
 
4.2.1  Resin extraction and characterization 
Threshed Triodia pungens grass was first dissolved in acetone with the 2:1 (v/w) solvent to 
grass ratio at 21 C for 24 hours while stirring. After filtration, the drying process was performed in 
two steps of solvent evaporation under nitrogen flow at 40 °C for 72 hours and drying under 
vacuum for 24 hour at 35 °C. Figure 4.2 shows the DSC spectra of the extracted resin before and 
after vacuum drying. A 28 C increase in glass transition temperature after vacuum drying can be 
observed. This result is thought to be caused by a combination of solvent evaporation and removal 
of volatile components from the resin, which both plasticise the resin and therefore affect its 
thermomechanical properties.  
 
 
 
 
 
 
Figure 4.1. Schematic representation of the spinifex resin extraction process 
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4.2.1.1  Effect of solvents  
In order to find the most suitable solvent for high yield extraction, three common organic 
solvents with different polarity were used. Figure 4.3 shows the ATR FTIR spectra of resin 
extracted using acetone, ethyl acetate, and ethanol. The spectral patterns of the resin differ slightly 
depending on the solubility of metabolites in the solvent. Table 4.1 summarises the peak values 
from ATR FTIR spectra and possible chemical units in the obtained resins using different solvents. 
The broad peak around 3200 - 3500 cm-1 which is assignable to the O-H groups confirms the 
presence of alcoholic, phenolic and /or carboxylic acid compounds in the resin. The peak in the 
carbonyl region (1750 - 1600 cm-1) indicates the presence of carbonyl compounds such as 
carboxylic acid (-CO-O-H) and esters (-CO-O-R). The peaks from 1480 to 1330 cm-1 may be 
assigned to aromatic ring structures (C=C-C) and bending vibrations of hydrocarbons (CH3). The 
resin extracted with ethanol shows sharp peaks at 3250 cm-1, 2100 cm-1, 1160 cm-1 and 500 cm-1 
which can be attributed to the polymeric OH, alkynes or substituted aromatic compounds.  
 
Figure 4.2. DSC spectra of extracted resin before and after drying under vacuum 
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Peak (cm-1) Functional group Responsible units 
3200 - 3570  
(broad peak) 
O-H (polymeric O-H, 
hydrogen bonding, associated 
O-H) 
Alcohols, phenols, carboxylic acids 
2800 - 3000 C-H  stretching Stretching of SP2  hybridisation 
2100 C C Alkyne compounds 
1630 - 1710 C=O Carbonyl compounds (ester, 
ketone, aldehyde) 
1446 - 1560 C=C-C and CH2 rocking Aromatic compounds 
1378 - 1380 CH3 bending  
1240 - 1190 P-O-C Aromatic phosphates 
1200 - 1220 C-O-C stretching Carboxylic acid esters 
1160 - 1230 Aromatic ring Aromatic hydrocarbons 
1095 - 1075 Si – O- Si Orangano siloxane 
1000 - 1030 Aliphatic ring C-H Cyclohexane units, terpenic 
compounds 
500 -  430 S-S Polysulfides or aryl sulphides  
 
Figure 4.3. ATR FTIR spectra of spinifex resin extracted with different solvents (oven dried 
samples) 
Table 4.1. ATR FTIR peaks and functional groups of extracted resin using different solvents 
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Figure 4.4 shows the DSC spectra of spinifex resin extracted at 30 C with different solvents. 
In comparison, a higher glass transition temperature was observed for the resin extracted using 
acetone. This suggests that the resin may contain higher molecular weight polymeric compounds 
which exhibit reduced mobility under heating at a fixed rate.  
 
 
Solvent Polarity index Yield (%) Tg (°C) 
Acetone 5.1 35 30 
Ethyl acetate 4.4 27 11 
Ethanol 5.2 17 16 
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4.2.1.2   Effect of solvent to grass ratio and extraction temperature  
In order to optimize the extraction process and determine the highest yield using the minimum 
amount of solvent, the solvent to grass ratio and also the extraction temperature (21 °C and 30 °C) 
were systematically varied. Figures 4.5 and 4.6 show the thermal transitions of the obtained resin 
Table 4.2. Glass transition (Tg) temperature and extraction yield of extracted spinifex resin with 
different solvents (drying at 40 °C) 
Figure 4.4. DSC spectra of extracted spinifex resin with different solvents show better 
thermomechanical stability for the acetone extracted resin (all oven dried samples) 
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after 24 hours drying in a vacuum oven at 35 C, while Table 4.3 summarises the yield (wt%) and 
glass transition temperature of the resin extracted using acetone. It can be seen that with increasing 
solvent to grass ratio, the yield of extracted resin increased from 12 to 33 % and 15 to 36 % at 21 C 
and 30 C, respectively. With increasing solvent to grass ratio, the glass transition temperature of 
resin is maximised when a 2:1 solvent to grass ratio is employed. A lower Tg achieved using other 
ratios may be due to either the higher amount of polymeric compounds which can be extracted from 
grass with higher amount of solvent, or alternatively due to the plasticisation effects of residual 
solvent. Considering the aim of achieving the highest yield with minimal use of solvent, the 2:1 
ratio of solvent and grass was employed in the larger scale extraction for preparing timber coatings 
for subsequent termite field trials. 
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Figure 4.5. DSC spectra of resin extracted at 30 °C showing the influence of solvent to grass ratio 
on the thermal transitions of resin 
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Solvent : grass 
(v/w) 
Yield (%) of 
resin extracted 
at 21C  
Tg (C) of resin 
extracted at 21 
C  
Yield (%) of 
resin extracted at 
30°C 
Tg (C) of resin 
extracted at 30 °C 
1:1 12 20 15 13 
2:1 28 25 35 30 
3:1 29 23 35 10 
4:1 33 17 36 6 
 
 
The TGA spectra in Figure 4.7 show that resin samples extracted at different temperatures 
exhibit almost identical mass loss curves. It can be seen that the degradation occurs over a wide 
range of temperatures (150 to 450 C), where initial degradation will be due to the emission of low 
molecular weight volatile compounds leading to the gradual formation of a more crosslinked resin 
structure via the formation of primary and secondary bonds. Under the influence of thermal energy, 
in addition to the evaporation of low molecular weight volatiles, thermal degradation of the resin 
progresses through the breakage of some C-H and C-C bonds, and the formation of gaseous 
oxidation products like CO2 and H2O, which results in a further reduction in weight 
5, 6. The 
Figure 4.6. DSC spectra of resin extracted with the solvent to grass ratio of 2:1, showing the 
influence of extraction temperatures (21 and 30 °C) on the thermal transitions of resin 
Table 4.3. Effect of solvent to grass ratio and extraction temperature on yield and Tg of resin 
(drying at 40 °C for 72 hours and annealing at 35 °C for 24 hours)  
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majority of mass loss occurs between 250 and 400 °C. Initially, decomposition was due to breaking 
the molecular chains, side-reactions, and cyclization reactions, but at higher temperatures this is 
followed by the advanced fragmentation of the previously formed chains, dehydrogenation, 
gasification, and decomposition of the char formed in the previous steps 7. The residual content 
after full thermal decomposition of the resin at 500 °C is about 4 to 6 wt%, which may be due to the 
contamination of resin by some remnant inorganic elements (such as Al, Fe, Mg, Mn, Ca, P , S, Si)  
which are known to be absorbed as micro-nutrients from the soil by spinifex roots 6.  
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Figure 4.7. TGA spectra of resin extracted at different temperatures 
 
4.2.1.3   Effect of temperature and time of solvent evaporation on the thermal properties of resin 
The drying process firstly involved solvent evaporation at different temperatures and times 
followed by drying under vacuum at 35 C for 24 hours. Figure 4.8 and Table 4.4 show the 
influence of solvent evaporation time at 40 °C on the glass transition temperature. The results 
indicate that at least 72 hours of solvent evaporation under nitrogen flow is required to remove the 
low molecular weight volatile components and residual acetone solvent completely. Evaporation 
periods of less than 72 hours exhibited lower thermal transitions (Tg), indicating the presence of 
solvent molecules which may increase the chain mobility of the polymer, and consequently 
plasticise the resin. 
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To investigate the influence of evaporation temperature on the thermal properties of resin, the 
solvent was evaporated at 40 °C, 60 °C, 80 °C, and 100 °C under flow of the nitrogen for 72 hours. 
Table 4.5 summarizes changes in thermal properties as a function of drying temperature. The DSC 
spectra in Figure 4.9 indicate that an increasing temperature of evaporation is associated with 
increase in resultant resin Tg. This may be due to the removal of moisture, solvent and low 
molecular weight volatile components, and also due to enhanced crosslinking or secondary 
interactions between functional groups, or molecular sequences, and perhaps inorganic minerals in 
the resin 6.  
It is noteworthy that storage conditions influence the thermal transition temperatures. From 
Figure 4.10, it can be observed that conditioning of dried resin at 65 % humidity for one week has 
decreased the glass transition temperature by about 12 C. This indicates that the functional 
Table 4.4. Thermal property of resin after drying at 40 °C for increasing times  
Time (hours) Glass transition temperature (°C) 
24 13 
48 27 
72 30 
Figure 4.8. DSC spectra of resin showing the improving thermal property of resin by increasing 
solvent evaporation time at 40 °C   
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(hydroxyl) groups in the resin have an affinity for moisture, and the absorbed water molecules can 
re-induce plasticization of the resin.  
 
 
Drying temperature (°C) Tg (°C) after drying Tg (°C) after one week conditioning  
40 30 - 
60 20 - 
80 36 - 
100 54 42 
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Table 4.5. Effect of drying temperature on the thermal property of resin 
Figure 4.9. Influence of solvent evaporation temperature on the thermal transitions of resin  
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The TGA spectra of resin in Figure 4.11 and Table 4.6 show the improvement in thermal 
stability of resin after heat treatment. The un-treated resin (solvent evaporation temperature was at 
40 °C) started to degrade at about 140 °C while the samples with higher evaporation temperatures 
showed improvements in thermal stability up to 200 °C.  
 
Figure 4.10. Influence of conditioning at 65% relative humidity on the Tg changes of spinifex resin 
after one week 
Table 4.6. Effect of heat treatment (evaporation temperature) on thermal stability of resin  
Evaporation Temperature (°C) Onset degradation temperature (°C) 
40 140 
60 115 
80 180 
100 200 
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4.2.2  Evaluation of termite resistance: A field study 
The termite resistance of the neat (untreated) and heat-treated resins was evaluated by 
exposing the resin coated timbers and uncoated timbers in a termite field. After 22 weeks (April to 
September 2013) of exposure to the mastotermites at Townsville, timber pieces were collected from 
the field (Figure 4.12 (a, b)). It is important to mention that while collecting the spinifex resin-
coated samples, no residual infestation of termites or any other insects was observed in our samples, 
whereas the other samples (from separate parallel studies) installed adjacent to them were covered 
by termites and other insects (Figure 4.13). The samples were cleaned by brush to remove mud and 
other dirt particles. A visual observation of the samples (Figure 4.12 (c, d)) indicated that the 
resistance to Mastotermites was higher for coated samples with both neat and heat-treated resins 
than the control timber pieces. The resin-coated specimens were well-preserved during this field 
trial whereas all of the uncoated control wood blocks were heavily damaged. No trace of 
exploratory “nibbling” by termites or fungal colonization on the resin-coated timber specimens was 
observed.  
 
Figure 4.11. TGA spectra of spinifex resin dried (first evaporation) at different temperatures 
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Figure 4.12. a) Timber blocks covered by plastic cover, b) timber blocks in the field, c & d) 
comparison between resin coated timbers without termite attack and plain wood which was 
destroyed by termites 
Figure 4.13. a) Spinifex resin-coated and plain wood- there is no evidence of termites or ants, b) 
note that the pine samples adjacent to spinifex-resin coated samples were still surrounded by 
termites and other insects 
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The resistance of resin coated timbers to termite attack seems to be due to the presence of 
some active components in the spinifex resin, which perhaps relate to the resin’s natural defence 
functions in spinifex. Other researchers have investigated this potential and extracted the active 
components of various plant resins and consequently tested them against termite attack. The most 
active compounds against Southeast Asian termites (Neotermes spp) obtained from crude resins of 
four Dipterocarpus species proved to be alloaromadendrene, humulene, and caryophyllene. The 
investigators in this study concluded that these sesquiterpenes, serve an essential role in defence 
against insects 8. Bultman et al extracted the components of Parthenium argentatum (Guayule) 
including polyphenols, cinnamyl derivatives, and a variety of terpenoids, which provided 
antitermitic and antifungal properties 9-11. Caryophyllene and other sesquiterpenes in the leaves of a 
Brazilian tree (Copaifera langsdorfii) have also been shown to be significant elements of plant 
defence against insects 12. Pinus produces a resin which contains ɑ-Pinene, and is well known for its 
antimicrobial and insecticidal properties 12. Based on the only previous spinifex resin analytical 
chemistry work performed in our team by De Silvia et al 13, extractions from spinifex resin also 
contain some of these common termite repellent components. Although it is a very difficult task to 
identify every molecular component in these plant resins, the analysis of the volatile fraction of 
spinifex resin showed that the main components in spinifex resin are; 3-hexen -1-ol, α-pinene, 
camphene, limonene, α-terpineol, bornyl acetate, caryophyllene, alloaromadendrene, mono and 
diterpinoid, labdane and communic acid based structures. Figure 4.14 shows the structure of some 
chemicals isolated from spinifex resin. 
 
 
 
 
 
 
3-Hexen -1-ol α-Pinene Camphene Limonene 
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α-Terpineol Bornyl acetate Caryophyllene Alloaromadendrene 
 
 
 
 
Diterpinoid Labdane Communic acid  
 
 
4.3  Summary 
In this study, I have reported the optimised process for extracting resin from Triodia pungens 
by varying the extraction parameters (such as solvent, drying temperature and time) and studied 
their influence on resin glass transition and degradation temperatures. For a high yield of resin with 
minimal use of solvent and higher product glass transition temperature, the optimised extraction 
conditions involved the use of acetone, with solvent to grass ratio of 2:1, at 30 C, followed by 
drying firstly in a nitrogen purged oven at 100 C for 72 hours, and then in a vacuum oven at 35 C 
for 24 hours. A preliminary termite trial was successfully carried out by exposing resin-coated and 
control timbers to the Mastotermes darwiniensis. The results indicated strong termite resistance 
activity of the resin extracted from spinifex. The details of the active ingredients and the full 
protective mechanisms are still unclear. By demonstrating higher resistance of both neat (dried at 40 
C) and heat-treated (dried at 100 C) resins towards the termites, it can be reported that plant resins 
which are produced by arid and semi-arid grasses could be potentially used as anti-termite 
protective coating materials. 
Figure 4.14. Chemical structure of some major components isolated from spinifex resin 13     
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Chapter 5 . 
Pulping spinifex fibres 
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5.1  Introduction 
In order to facilitate the defibrillation process of cellulose fibres to obtain cellulose 
nanocrystals and nanofibrils, while ideally decreasing energy and chemical consumption during the 
mechanical or chemical treatments 1, 2 , several different methods of pretreatment have been 
proposed on delignified and bleached fibres( pulp). These methods may be either physical such as 
refining by valley beater, PFI mill, 3, 4 and ultrasonication 5, or chemical such as delignification and 
bleaching with chemicals 3, 6-11, acid hydrolysis 2, 12, carboxymethylation 13-15, and 2,2,6,6-
tetramethylpiperidinyl-1-oxyl (TEMPO)-mediated oxidation 16-18 or enzyme-treatment 1, 3, 16, 19, 20 . 
The steam explosion process is also another efficient pretreatment method for pretreatment of 
lignocellulosic biomass, with the final aim of separating nanofibers 6, 21. Here at first some common 
delignification and bleaching methods are summarized in a table in order to compare with the 
spinifex established pulping methods then followed by a brief explanation of common pretreatment 
methods on pulp of different cources of cellulose. 
 
5.1.1  Delignification and bleaching 
The first step of producing nanoparticles from cellulosic fibres is the removal of pectins, 
hemicellulose, and lignin by chemical methods which are similar to the techniques that are used in 
the pulp and paper industries. The processes start with chopping long fibres into manageable 
particle sizes, followed by delignification with an alkali solution such as sodium hydroxide or 
potassium hydroxide, or alternatively delignification with organic solvents like ethanol, acetone or 
methanol. Secondly, a bleaching process must be carried out with an oxidizing agent such as 
oxygen or sodium chlorite to solubilise the residual lignin 6. Table 5.1 summarizes some different 
methods for delignification and bleaching. Treating lignocellulosic fibres with sodium hydroxide is 
an effective and common procedure for removing waxy and cement-like hydrocarbon components 
from the fibres. To the best of our knowledge, and based on all current scientific and patent 
literature information, this thesis reports, for the first time, that cellulose micro/nanofibrils can be 
prepared from spinifex grass following merely a mild ethanol solution treatment, similar to that 
more  commonly used for pulping wood. 
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         Table 5.1.  Comparing the most common delignification and bleaching processes for cellulosic fibres and wood pulp 
Sources Delignification Bleaching Ref 
Sisal Fibre Treating chopped fibres with 4 wt% sodium 
hydroxide solution at 80 °C for 2 hours under 
mechanical stirring (repeating for 3 times) 
Using acetate buffer of chlorite solution (1.7 
wt%) at 80 °C for 4 hours under mechanical 
stirring (repeating for 4 times) 
22 
Grass Zoyasia Soaking fibre in alkali solution (5 % w/w) for 2 
days then boiling fibre for 1h in 2 % (w/w) sodium 
hydroxide solution and de-waxing with equal 
proportion of ethanol and water 
Using acetate buffer of chlorite solution (1.7 
wt %) at 70 °C 
23, 24 
Coconut fibre, Cladoded, 
Sugar beet 
Stirring fibres in 2 % sodium hydroxide solution 
for 2 hours at 80 °C (repeating for  2 times) 
Using sodium chlorite and glacial acetic acid 
solution at 60 - 70 °C for 1 hour under stirring 
for 1 - 4 times, then treating with 0.05 N nitric 
acid solution for 1 hour at 70 °C 
25-27 
Banana fibre Treating fibre with 2 % sodium hydroxide solution 
in autoclave with 20 lb pressure at 110 - 120 °C 
for 1 hour 
Using mixture of sodium hydroxide and acetic 
acid and sodium hypochlorite solution for two 
1 hour (repeating for 3 times) 
28 
Ramie Fibre Treating fibre with 2 % sodium hydroxide solution 
at 80 °C for 2 hours 
- 29 
Sugar bagasse - Using a mixture of 5 % sodium hydroxide 
solution and 11 % hydrogen peroxide solution 
at 55 °C for 90 minutes 
30, 31 
Wood flour De-waxing fibre in toluene/ethanol solution for 6 
hours 
Sodium chlorite treatment then alkali treatment 
with 5 % potassium hydroxide solution 
32 
Wood powder Treating wood in toluene/ethanol solution for 6 
hours 
Using acidified sodium chlorite solution at 70 
°C for 1 hour, treating with 6 wt% potassium 
hydroxide solution at room temperature for 
33 
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overnight then at 80 °C for 2 hours 
Wood pulp - Using sodium chlorite solution under an acidic 
condition for 1 hour at 80 °C (repeating for 10 
times) 
34 
Canola straw Treating fibre with sodium hydroxide and 
anthraquinone solution at 170 °C for 3 hours  
Bleaching in 3 steps: 
-Sodium chlorite solution (2%) at 60 °C for 1 
hour  
-A mixture of sodium hydroxide (2 %) and 
peroxide (2 - 3 %) solution at 70 °C for 1 hour 
-Sodium chlorite solution (2 %) at 80 °C for 1 
hour then treating with potassium hydroxide 
solution (10 %) at 80 °C for 2 hours 
35 
Eucalyptus glubulus Treating fibre with ethanol/methanol solution at 
different temperatures and time in autoclave under 
41 lb pressure 
- 36 
Mixed soft woods Treating wood with 40 - 60 % (w/w) ethanol 
solution and sulphuric acid as catalyst (PH=2 - 
3.4) at 185 - 195 °C for 30 - 60 minutes then 
washing with aqueous ethanol (70 % w/w)  
- 31 
Wheat straw  
 
Treating fibre with ethanol solution (55 % v/v) at 
195 °C for 2 hours in autoclave then washing 4 
times with same solution at 145 °C for 30 minutes 
in autoclave 
- 37 
Rice straw Cooking fibre with ethanol solution (65 %) and 
sodium hydroxide solution at 195 °C for 180 
minutes then washing with warm water for 240 
minutes  
- 
 
38 
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Wheat straw Treating fibre with 2 different solutions and 
different ratio: 
- 60 % ethanol (ethanol + acetone) solution at 160 
°C for 90 minutes 
- 55 % (ethanol + acetone/ethanol + acetone + 
water) solution at 160 °C for 90 minutes 
- 39 
Prairie sandreed, cord 
grass, big bluestem, switch 
grass 
Treating fibres with 14 % active alkali and 20 % 
sulphidity solution at 160 °C for 1 hour  
- 40 
Eucalyptus glubulus Treating fibre with ethanol water mixture (30 - 70 
% w/w) under the pressure of 4 lb at different time 
and temperature then washing with 0.1 M sodium 
hydroxide solution 
- 41 
flax, hemp, jute, leaves of 
sisal and abaca 
Treating fibres with an aqueous solution of sodium 
hydroxide (16 - 17 wt%) at 165 °C and 6 bar 
Using sodium chlorite solution (1.5%) at pH 4 11 
Hemp and flax bast Treating fibres with sodium hydroxide solution of 
17.5 % (w/w) for 2 hours, washing with distilled 
water, treating with 1M hydrochloric acid solution 
at 60 - 80 °C, neutralized with distilled water. 
Then treating with 2 % w/w sodium hydroxide 
solution for 2 hours at 60 - 80 °C 
- 42 
Soybean pods Treating fibre with sodium hydroxide solution of 
17.5 % (w/w) for 2 hours, wash with distilled 
water, treating with 1M hydrochloric acid solution 
at 80 °C, neutralizing with distilled water. Then 
treating with 2 % (w/w) sodium hydroxide 
solution for 2 hours at 80 °C 
Using a chlorine dioxide solution (PH 2.3) for 
1 hour at 50 °C 
7 
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Wood fibre Treating fibre with acidified sodium chlorite 
solution at 75 °C for 1 hour (repeating for 5 times),  
treating in 3 wt% potassium hydroxide solution at 
80 °C for 2 hours, and then in 6 wt% potassium 
hydroxide solution at 80 °C for 2 hours 
- 6 
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5.1.2  TEMPO-mediated oxidation pretreatment 
Using the 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) to oxidize the surface of 
cellulose fibres before breaking down the size of fibres into nanoscale objects is one of the most 
effective and well-documented ways to prepare high quality nanocellulose, causing conversion of 
the primary hydroxyl groups to carboxylate and aldehyde functional groups in aqueous and mild 
conditions 43. The water-soluble ɑ-1,4-linked polyglucuronic acid (cellouronic acid) presents the 
advantage of disintegrating fibres into microfibrils with smaller widths, while using a much lower 
energy input 2, 17, 44, 45. This pretreatment has been successfully applied to the majority of different 
cellulose sources such as wood pulp, cotton linters, tunicate, bacterial cellulose, ramie, and even 
spruce holocellulose 44, 46. Moreover, it was found that the TEMPO oxidation pretreatment resulted 
in a decrease in the subsequent energy consumption required for successful high pressure 
homogenization and production of MFC (e.g. from 700 - 1400 MJ/kg to less than 7 MJ/kg) 47, 48. 
Three different TEMPO-mediated oxidation approaches have been reported. One process 
consists of oxidation of cellulose fibers via the addition of sodium hypochlorite (NaClO) to aqueous 
suspensions of cellulose in 2,2,6,6 tetramethyl-1-piperidinyloxy (TEMPO) and sodium bromide 
(NaBr) at pH 10 - 11 at room temperature 46, 49. The second approach is based on the same process 
as the previous one, except that the primary oxidant is sodium chlorite (NaClO2) instead of NaClO, 
and NaClO replaces NaBr. This treatment takes place at neutral pH 47, 48, 50-52. The third approach, a 
TEMPO electro-mediated reaction, has been developed as a new sustainable method to produce 
MFC that has carboxylate and aldehyde groups on its surface, and it appears to be a promising 
replacement for the first two approaches. In this last process, the electro-mediated oxidation has 
been performed with two slight variations; firstly TEMPO at pH=10, and secondly 4-acetamido-
TEMPO at pH = 6.8 in a buffer solution were applied to cellulose fibres and yielding subtly-
different results 47, 48. The first variant produced oxidized cellulose with a small amount of aldehyde 
groups, while the second method resulted in no aldehyde group on the cellulose surface after 
exposure to the longer reaction time performed at a higher temperature. 
 
5.1.3  Carboxymethylation pretreatment 
Another chemical pretreatment is carboxymethylation. This treatment involves the partial 
carboxymethylation of cellulose pulp, and results in an increased number of anionic charges on the 
surface of the fibres, subsequently leading to electrostatic repulsion between the fibrils 15, 16, 53. This 
charging makes the fibrils easier to liberate and also limits their agglomeration 14. Taipale et al 54 
reported 3.2 MWh/t decrease in the net specific energy consumption for processing following this 
83 
 
treatment in comparison with producing microfibrillated cellulose without pretreatment. In this 
treatment, never dried cellulose fibres were washed with ethanol, and then soaked in 
monochloroacetic acid and isopropanol solution. The fibers were subsequently added to a solution 
of sodium hydroxide, methanol and isopropanol. This carboxymethylation reaction was continued 
for one hour at just below its boiling temperature. The final steps involved treatment with acetic 
acid, and lastly sodium bicarbonate (NaHCO3) 
13. 
 
5.1.4 Enzymatic pretreatment 
Enzymatic hydrolysis is a less aggressive pretreatment method which has advantages from an 
environmental point of view, and with respect to the other chemical methods, since it does not 
involve solvents or chemical reactants 20, 55. For example, using endoglucanase enzyme works 
selectively to hydrolyse amorphous cellulose regions and facilitates the mechanical disintegration 
and reduced energy consumption because of the increased swelling of fibres in water 19, 20, 56 . The 
microfibrillated cellulose (MFC) obtained after using this treatment, showed a higher aspect ratio, 
longer and highly entangled nanoscale fibrils in comparison with acid treated fibres. This 
pretreatment method could also be a very promising method for pilot production, as a favourable 
MFC structure results through a low energy consumption method allowing further evaluation of 
these high quality nanofibrils for industrial applications  2, 43.  
In this thesis, in order to produce nanoparticles from spinifex grass, the organosolve treatment 
was firstly adapted as a relatively milder treatment, and subsequently compared with an alternative 
mild alkali treatment in terms of efficiency to remove lignin, hemicellulose, and the other waxy 
components, as well as the quality and characteristics of the resultant NFCs and CNCs in later 
sections. 
 
5.2  Results and discussion 
5.2.1 Chemical analysis of lignocellulosic components in spinifex grass 
Lignocellulose, the fibrous material that forms plant cell walls, is a complex typically inedible 
plant material consisting of mainly three constituents; cellulose, hemicelluloses and lignin. TAPPI 
standard methods were used to characterize lignin and neutral carbohydrates and anhydrosugars 
present in the water washed, alkali and organosolve delignified and bleached spinifex fibres (details 
of analyses are in Chapter 3, Section 3.2.3). Table 5.2 shows that in spinifex grass, cellulose which 
consists of high molecular weight polymers of glucose, accounts for 29 % (w/w) of the 
lignocellulose. Hemicellulose consists of shorter polymers of various sugars that glue the cellulose 
bundles together, and accounts for 38.5 % (w/w) of the lignocelluloses in spinifex, and lignin, the 
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component that confers strength to the plant’s structure and consists of a tridimensional phenolic 
polymer that is imbedded in and bound to the hemicelluloses, accounts for 20 % (w/w) in spinifex. 
 
Table 5.2. Chemical analysis of lignocellulosic components of raw and pretreated spinifex grass 
Sample Cellulose (% w/w) Hemicellulose (% w/w) Lignin (% w/w) 
Water washed 29 38.5 20 
Alkali delignified 27 38 23 
Alkali delignified and 
bleached 
48 37 2.5 
Organosolve delignified 35 30 23 
Organosolve delignified 
and bleached 
51 30 7 
 
 
In lignocellulosic plants lignin and hemicellulose are typically deposited between the 
microfibrils to give an interrupted lamellar structure, so removal of these non-cellulosic components 
is generally necessary for enabling the subsequent separation and production of cellulose 
nanoparticles. Alkali and organosolve treatments in addition to remove a certain amount of lignin, 
hemicellulose, pectin, resin, wax and oils which covering the external surface of the fibre cell wall, 
also depolymerise the native cellulose structure, and defibrillate the external cellulose microfibrils 
(see details of delignification procedures in Chapter 3, Sections 3.2.4.2). Table 5.2 shows that after 
alkali and organosolve delignification, higher amount of lignin were observed in the mass balances 
of delignified grass compared to water washed grass. Similar observations were reported by 
Leschinsky et al and Borrega et al 57-59. They believed that after delignification, some parts of the 
soluble lignin, especially those with higher molecular mass will precipitate during the cooling 
process and form a condensed insoluble fraction. Increasing the mass balance of lignin is likely due 
to the attaching degraded carbohydrates to condensed lignin fragments in the insoluble lignin 
fraction 57-59. The amount of hemicellulose after alkali treatment did not change significantly while 
organosolve treatment reduced almost 8 % (w/w) of hemicellulose content of fibres.  
 Bleaching delignified fibres is also necessary for complete elimination of the remaining 
lignin from the fibrous structure (details are in Chapter 3, Section 3.2.4.3). Bleaching fibres after 
alkali and organosolve delignifications reduced 2.5 and 7 % (w/w) lignin content, respectively. The 
flowchart in Figure 5.1 summarizes the resultant changes in spinifex fibre colour from dark yellow 
to dark brown after delignification, indicative that some residual free lignin remained on the surface 
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of the fibres after alkali and organosolve delignifications. A white dispersion was obtained when 
delignified fibres were then treated with sodium chlorite solution in the bleaching process.  
 
 
Figure 5.1. Flowchart representing the pulping procedures of spinifex fibres  
 
 
5.2.2  Effect of delignification and bleaching on chemical structure of spinifex fibre 
Cellulose, hemicellulose and lignin are mainly composed of alkanes, esters, aromatics, 
ketones and alcohols, with different oxygen-containing functional groups 60. Figure 5.2 compares 
the ATR FTIR spectra of water washed spinifex fibres with delignified and bleached fibres, and 
Table 5.3 summarizes the peak values from ATR FTIR spectra and assigns possible chemical units 
of fibres before and after pulping. It can be seen that delignification and bleaching yielded more 
cellulose percentage by removing hemicellulose, especially lignin, and other waxy components 
from the structure of fibres. The ATR FTIR spectra for water washed and chemically pretreated 
spinifex fibres are associated with a main broad peak within 3000 - 3650 cm-1 which confirms 
stretching vibrations of OH groups as the principal functional group in lignocellulosic materials. 
The absorbance peak with a maximum around 2900 cm-1 (responsible for C-H stretching) also 
decreased after delignification and bleaching, indicating the removal of hydrophobic lignin and 
other waxy components 61. A decrease in the peak observed around 1734 cm-1 (C=O stretching) 
after delignification and bleaching can be attributed to the breakage of the ester linkages of 
carboxylic groups of lignin and/or hemicellulose 62 and oxidation of the terminal glucopyranose 
unit. After delignifications, fibres still contain residual lignin left on the surface and between the 
fibrils (based on chemical analysis of delignified fibre explained in Section 5.2.1). So the 
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disappearance of C=O stretching band after chemical treatments does not necessarily indicate the 
complete removal of all hemicellulose and lignin from the fibres, as the ether bonds between lignin 
and hemicellulose will not be affected by this treatment. Another possibility is that carboxyl or 
aldehyde absorption could be arising from the opened terminal glycopyranose rings or oxidation of 
the C-OH groups 60. The other band around 1240 cm-1, which corresponds to the axial asymmetric 
strain of =C-O- in ether, ester, and phenol groups of lignin, is also seen to decrease for the bleached 
fibers. The peaks in the region of 950 - 1200 cm-1 may be assigned to C-O stretching bands, and an 
increase in the intensity of the band at 896 cm-1 after chemical treatments can be attributed to the 
typical structure of cellulose 63, 64. The water washed fibre showed characteristic peaks in between 
1730 - 1740 cm-1 and 1200 - 1300 cm-1. These peaks are mainly responsible for the lignin 
components, which were absent in the final bleached cellulose fibre. It is worth nothing that 
cellulose fibre strongly adsorbs moisture which makes the quantitative ATR FTIR analysis difficult, 
therefore all of the specimens were dried in a vacuum oven before testing. 
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Figure 5.2. ATR FTIR spectra of spinifex fibres before and after alkali delignification, organosolve 
delignification, and bleaching 
 
 
Table 5.3. ATR  FTIR peaks and functional groups of spinifex fibres before and after pulping 
Peak (cm-1) Functional group Responsible units 
3650 - 3000 (broad 
peak) 
O-H  Alcohol/phenol O-H stretch 
2800 - 3000 C-H  stretching Vibrations in methyl and 
methylene groups 
1730 - 1740 C=O Carbonyl compounds (ester, 
acetyl , carboxylic groups) 
1446 - 1600 C=C-C and CH2 rocking Aromatic compounds 
1200 - 1300 =C-O- axial asymmetric strain  Ether, ester, and phenol groups 
950 - 1200 C-O stretching  
 
 
5.2.3  Effect of delignification and bleaching on morphology of spinifex fibres 
Spinifex grass is the same as the other plants in that it has outer layers consisting of 
hemicellulose, lignin and other substances which protect the cellulose structures in the grass from 
being damaged by microorganisms in the environment. In Figure 5.3, the SEM images of untreated 
and chemically pretreated spinifex fibers show removal of the surface impurities along with 
evidence of some partial defibrillation with treatment.  
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Before water washing, the surface of the fibres were covered with impurities, dust and also 
cell wall components such as lignin, hemicellulose and the other waxy materials. Water washing 
(Figures 5.3 (a and b)) partly removed these substances. In Figures 5.3 (c and d) it can be observed 
that pulping successfully removed non-fibrous components at the surface and partly into the bulk of 
the fibres. The altered morphology of the fibre after delignification reveals a very unusual 
morphology. Elementary fibrils are intertwined and arranged to form microfibers, and these connect 
perpendicularly with hollow tube-like channels called stroma lamellae, which are structures 
responsible for photosynthesis during day time and the storage of biosynthesized carbohydrates 65, 
66. Desert plants must be able to absorb large quantities of water in short periods, and they need to 
retain the absorbed water under unfavourable conditions. The leaves of spinifex are open like 
"normal" grass up until they experience their first dry spell, and then the leaves roll in on 
themselves and remain rolled for the remaining life of the plant. This rolling of the leaves gives 
drought tolerance to the spinifex plant in several ways 65, 66 such as reducing the amount of water 
lost to the atmosphere through open stomatas, which are inside the rolled leaf, thereby decreasing 
the rate of water lost by transpiration when the wind is blowing. Also the grass will lose less water 
due to the reduction in leaf area exposed to the hot sun by this rolling or curling of the leaf structure 
in response to drought.  
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Figure 5.3. SEM images of; a) raw fibre, b) water washed fibre, c) fibre subjected to alkali 
delignification and, d) fibre subjected to organosolve delignification  
 
Figure 5.4 compares the optical microscopy images of water washed, alkali and organosolve 
delignified spinifex fibres. It needs to be mentioned that an average diameter of the chopped raw 
fibre (before washing and grinding) is 1033 ± 524 μm, while after washing the size of fibres was 
reduced by grinding, so in order to understand the effect of delignification and bleaching on the 
fibre morphology, the diameter of water washed samples after grinding was reported for 
comparison. An average diameter of water washed fibres was measured to be 63 ± 38 μm, with an 
approximate length distribution in the range of 0.3 - 7 mm. In comparison, after the delignification 
processes, an average diameter was 16.3 ± 12.6 μm and 12 ± 4.7 μm for alkali and organosolve 
treated fibres, respectively (Figure 5.6). It appears that after delignification, dissolved lignin was 
precipitated on the surface of the fibres. Organosolve treated fibres displayed a darker colour and 
smaller diameter, which indicated a higher degree of precipitation of dissolved dark lignin on to the 
surface of fibres and lower amount of hemicellulose in fibres structure. This precipitated lignin was 
subsequently removed by rinsing fibres with mild alkali solution (see details of delignification 
procedures in Chapter 3, Section 3.2.4.2). The larger diameter of alkali treated fibres confirms the 
existence of higher content of hemicellulose remaining between the fibrils. The chemical analysis 
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also confirmed the existence of a higher amount of hemicellulose components in the spinifex fibres 
after alkali delignification. 
 
 
 
Figure 5.4. Optical microscopy images of;  a) raw fibre, b) water washed fibre, c) fibre subjected to 
alkali delignification and, d) fibre subjected to organosolve delignification (the scale bars are 500 
μm  for image (a)-  and 100 μm for images (b, c, d)) 
 
The residual lignin between the fibrils and dissolved lignin remaining on the surface of the 
delignified fibres were removed in the subsequent bleaching process. Figures 5.5 and 5.6 show that 
after bleaching, the average diameter of delignified fibres which had been treated either with alkali 
solution or ethanol solution, were almost identical. Long and white cellulose fibres with an average 
diameter of approximately 12 μm were prepared for the next steps of producing cellulose 
nanocrystals and nanofibrillated cellulose.  
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Figure 5.5. Optical microscopy of; a) alkali delignified and bleached, b) organosolve delignified 
and bleached (the scale bar is 100 nm) 
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Figure 5.6.  Average diameter of spinifex fibre after washing and grinding, delignification, and 
bleaching  
 
Delignification and bleaching are important and necessary steps prior to mechanical and 
chemical treatments as they result in partial defibrillation and an opening or loosening of the fibre 
bundles, and this consequently enables less energy consumption during the next stage of cellulose 
disassembly and production of cellulose nanofibres. 
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5.2.4  Effect of delignification and bleaching on crystallinity of spinifex fibres 
Cellulosic fibers consist of the three main components of lignin, hemicelluloses, and ɑ-
celluloses, of which cellulose is crystalline in nature, while lignin and hemicellulose are amorphous. 
So the crystallinity of the fibers should increase after pulping due to the removal of non-cellulosic 
components surrounding the crystalline cellulose fibre.  The observed XRD peaks at around 2θ=16 
and 22.6 in Figure 5.7 are representative of a typical structure of cellulose I. Treated fibres show a 
higher degree of order as evidenced by a higher diffraction intensity at 2θ = 22.6° . The broad peaks 
of the water washed spinifex fibre are due to the amorphous nature of the lignin, while the higher 
peak intensity of the chemically treated fibers indicates the removal of non-cellulosic components 
due to dissolution in delignification and bleaching solvents. The XRD diffraction spectra of 
untreated and pretreated spinifex fibres indicate that by removing the non-cellulosic components of 
the fibres, the degree of crystallinity and size of crystal domains are altered. Delignification and 
bleaching of fibres change the surface topography and the crystallographic structure. The degree of 
crystallinity values for each sample was calculated and listed in Table 5.4 (details of measuring the 
crystallinity are in Chapter 3, Section 3.3.8). It can be seen that both delignification and bleaching 
processes increase the degree of crystallinity due to the removal of lignocellulosic materials which 
exist in the amorphous regions, and their removal enables realignment of the intermediate ordered 
regions. The increase in crystallinity after chemical treatments also has been reported by several 
authors 6, 67-69.  Furthermore, after chemical treatments the thickness of crystalline domains 
increased. 
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Figure 5.7. X-Ray diffraction spectra of; a) water washed fibre, b) organosolve delignified fibre, c) 
alkali delignified fibre, d) organosolve delignified and bleached fibre, e) alkali delignified and 
bleached fibre 
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Table 5.4. Effect of pulping on the diameter and crystallinity of the spinifex fibre  
 Water 
washed 
fibre 
Alkali 
delignified 
Alkali 
delignified 
and bleached 
Organosolve 
delignified 
Organosolve 
delignified 
and bleached 
Crystallinity (% ) 52 71 74 72 75 
Crystal domain 
size (nm)  
2.94 4 4 3.82 3.92 
 
 
5.2.5  Effect of delignification and bleaching on thermal properties of spinifex fibres 
Thermal decomposition parameters were determined from the TGA spectra at a heating rate 
of 10 °C/min. The small weight loss in the range of 40 - 150 °C shown in the TGA spectra in Figure 
5.8 was due to the evaporation of the absorbed moisture and low molecular weight compounds were 
remaining on the surface of the fibres after treatment procedures. Due to the differences in the 
chemical structures between hemicellulose, cellulose and lignin, they usually decompose at 
different temperatures 70. The earlier decomposition occurred around 270 °C due to the low 
decomposition temperature of hemicellulose and preceded by the second stage which was 
associated with the pyrolysis of cellulose process at around 320 °C for bleached fibres and about 
357 °C, 347 °C and 358 °C for water washed, alkali and organosolve delignified fibres, 
respectively. The thermal degradation temperature of organosolve delignified fibre is higher due to 
removal of more hemicellulose after treatment. The maximum decomposition temperature of 
cellulose for water washed and delignified samples were higher than the samples which treated with 
sodium chlorite due to elimination of more thermal resistant chemical groups present in lignin 
structure after bleaching 44. The residual content of samples at 500 °C could be residual lignin, 
hemicellulose, and inorganic components taken up by the roots of grass as nutrients and 
micronutrients in the soil 71. There is also another reason that has been reported by Austen et al 60 
about an increase in residual char formation and decrease in degradation temperature during the 
pyrolysis. They suggested that this might be caused by an increase rate of formation of free radicals 
which are stabilized by condensed carbon ring formation in the char.  
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Figure 5.8. Comparing TGA spectra of spinifex untreated (water washed) with alkali and 
organosolve treated fibres 
 
It seems that the thermal stability of spinifex fibre was decreased when it was subjected to 
alkalization due to removal of lignin components with higher degradation temperature while the 
amount of hemicellulose with lower degradation temperature was almost same. The wide 
decomposition temperature range observed during the lignin decomposition for the water washed 
and delignified fibres is attributed to the different activities of chemical groups present in the lignin 
structure 44. The decrease in residual content of delignified and bleached fibres in comparison with 
the water washed fibres indicates the lower amount of lignin left on the fibres after pulping.  
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5.3  Summary 
The aim of this chapter is to compare a simpler alkali treatment with milder organosolve 
treatment for the extraction of cellulose from spinifex grass. Chemical analyses based of TAPPI 
standard methods showed that spinifex grass, same as the other grasses, contains high amount of 
hemicellulose about 38.5 % (w/w), 29 % (w/w) cellulose, and 20 % (w/w) lignin. After two 
different applied delignification procedures, alkali and organosolve, the amount of these three main 
components (cellulose, hemicellulose, and lignin) was not same in grass mass balance. Alkali 
treatment was more effective in term of removing lignin while the amount of hemicellulose 
remained after alkali delignification and subsequent bleaching was showed only 2.5 % decrease in 
comparison with the raw grass. After organosolve delignification, the lignin content remained in 
fibres structure was decreased to almost 7 % (w/w) and the hemicellulose content was decreased to 
30 % (w/w).  ATR FTIR, X-Ray, TGA and morphological analysis with optical microscopy and 
SEM were indicated that both of the delignification treatments and subsequent bleaching caused 
partly defibrillation of fibres, along with isolation of crystalline cellulose fibres with an average 
diameter of about 12 μm. The crystallinity of the fibre specimens are increased following each of 
these treatments and a thermogravimetric study revealed that the thermal stability of pretreated 
spinifex fibres is higher than the respective raw fibres. 
The presence of lignin in fibre is believed to significantly affect the defibrillation of 
micro/nanofibrils. For producing NFC and CNC, obtaining cellulose of high-purity is pre-requisite, 
which generally necessitates multistep treatments with harsh chemicals (acid/alkaline) or sometimes 
enzymes 72. Two different applied pulping methods in this thesis are milder than the other reported 
pulping methods used for producing NFC and CNC. The organosolve treatment which was adapted 
here is commonly used for pulping purposes and has never been successfully used as a very mild 
pulping prior to bleaching and subsequent mechanical or chemical separation of nanofibrils or 
nanocrystals (i.e normally more aggressive bases, acids and/or high temperatures are required). 
Also the alkali treatment is milder in comparison to the other reported publications for producing 
nanocellulose which higher concentration of alkaline was used or alkali treatment was followed by 
more intense acidic hydrolysis for fibre pretreatment  29.  
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Chapter 6 . 
The isolation of high aspect ratio nanofibrillated 
cellulose from spinifex using mild pulping and 
ultra-low energy processing   
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6.1  Introduction 
Mechanical methods such as homogenisation, ultrasonication, milling, or combinations of 
these methods are widely used for isolating microfibrillated cellulose (MFC) particles from 
cellulose fibres, where these MFC particles have a diameter in the range of 20 - 100 nm and a 
length in the range of 0.5 - 10’s of μm 1. In order to separate the next smallest constituents, called 
nanofibrillated cellulose (NFC) with a diameter in the range of 4 - 20 nm and a length in the range 
of 500 - 2000 nm 1, the application of a significantly higher amount of mechanical energy is 
typically required. In reported methods, chemical or enzymatic pretreatments are usually claimed to 
be beneficial for reducing mechanical energy consumption and fibre diameter. Applying intense 
amounts of mechanical energy causes the cellulose fibres to fracture, thereby reducing their length 
and aspect ratio. In order to avoid this issue, the cellulosic fibres can be treated by employing 
multiple, but more gentle mechanical processing treatments to facilitate the gradual breakdown, or 
defibrillation, of the fibre to its nanoscale fibrils, while hopefully maintaining aspect ratio and not 
damaging the fibrils. For example, cellulosic feedstock materials may be passed through apparatus 
such as high pressure or high shear homogenisers or disc refiners several times (up to 20 or 30, or 
even 150 passes in some examples 2, 3). In current commercial processes, the multi-step processing 
results in high energy costs, long processing times, and consequently reduces the commercial 
attractiveness of both process and product. In the process of defibrillation of spinifex fibre, the 
established procedures of producing MFC were applied to produce NFC with a very small average 
diameter and high aspect ratio.  
This chapter details my breakthrough findings with respect to the isolation of high aspect ratio 
nanofibrillated cellulose following very mild pulping, and followed by ultra-low energy processing. 
Figure 6.1 shows how significantly less energy was used to produce nanofibrillated cellulose from 
spinifex grass. This work formed the foundation of a provisional patent, “Nanocellulose”  4, which 
was lodged on the 22nd of November in 2013. 
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6.2  Results and discussion 
High aspect ratio nanofibrillated cellulose can be isolated from spinifex pulp via low energy 
mechanical treatments. We hypothesise that the lower energy consumption or milder conditions 
required to deconstruct the fibrils could be attributable to the unique structural morphology of the 
grass, which typically grows in extreme and fluctuating arid conditions, where adaptations of the 
plant to the typically dry climatic conditions would be expected.  
 
6.2.1  The effect of processing on spinifex NFC morphological characteristics 
6.2.1.1  Homogenization 
Table 6.1 details the different conditions applied for the homogenization of bleached spinifex 
fibres after alkali delignification, in order to optimize the procedure (details are in Chapter 3, 
Section 3.2.7). During the preparation of NFC, it was found that high pressure homogenization has 
a noticeable effect on reducing the diameter of fibres, and produces very long, thin nanofibrils with 
a complex and web-like structure. After systematically applying different pressures, different 
dispersion concentrations, and also varying the number of passes through the homogenizer, it was 
surprising to observe that the resulting NFCs produced exhibited almost the same fibre diameter 
(less than 7 nm), and similar length (several microns). In the case of homogenization at higher 
pressures, more effective defibrillation was observed (Figure 6.2). Increasing the number of passes 
through the homogenization at 1500 bar caused more entanglement and aggregation of the 
nanofibrils (Figure 6.3). This may be due to the high surface energy rendered by excessive 
defibrillation with increasing the number of passes.  
Figure 6.1. The newly-discovered method of producing NFC from spinifex grass ( there is no 
treatment on the spinifex pulp before mechanical treatments ) 
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 A significant finding from this study is that it is easy to defibrillate spinifex pretreated fibres 
into nanoscale fibrils after just one pass using the minimum 350 bar pressure setting, and without 
any clogging issues. This is in stark contrast to the most directly-relevant published studies, where a 
minimum of 3 passes were necessary for NFC preparation, and where treatment with acid/alkaline 
/polyelectrolyte was also usually performed to reduce the number of passes, which is crucial in 
terms of minimising the energy consumption of the process  5-8. The high amount of hemicellulose 
in the spinifex pulp (about 37 % (w/w)) decrease the fibres cell wall cohesion, making cell wall 
delamination easier and consequently avoid of blocking the constriction chamber of the 
homogenizer and decrease the required energy consumption. 
 0.1 % (w/v) 
, 
1 pass 
0.3 % (w/v) 
, 
1 pass 
0.3 % (w/v) 
, 
5 passes 
0.3 % (w/v) 
, 
10 passes 
0.3 % (w/v) 
, 
15 passes 
0.7 % (w/v) 
, 
1 pass 
1500 bar 3.2 ± 0.7 3.5 ± 0.8 3.2 ± 0.7 3.3 ± 0.8 3.2 ± 0.8 3.7 ± 0.7 
1000 bar 3.5 ± 0.6 - - - - - 
350 bar 3.7 ± 1 - - - - - 
 
 
 
Table 6.1. Comparing the average diameter of nanofibrils produced by homogenization using 
different dispersion concentration, pressure conditions, and number of passes 
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Figure 6.2. TEM images comparing the effect of applied pressure in homogenization of 0.3 % 
(w/v) pulp dispersion after one single pass, on the morphology of spinifex nanofibrils; a) 1500 bar, 
b) 1000 bar, c) 350 bar (the scale bar is 500 nm) 
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The length-to-thickness ratio of these nanofibrils is unusually higher than the reported NFCs 
from other methods 9-12, however this high aspect ratio primarily results from the unusually low 
diameter of nanofibrils (e.g. from 1 - 7 nm, and averaging around 3.5 nm). The high hemicellulose 
content (discussed in the Chapter 5, Section 5.2.1) imparts flexibility to the fibres, so the individual 
nanofibrils are curled and entangled with each other, and the main orientation appears to be 
random-in-the plane. Upon drying the aqueous nanocellulose suspensions, it is well-known that the 
strong secondary inter-fibril interactions such as hydrogen bonding encourage agglomeration and 
make the characterization of these materials very difficult 13. However the longer curled 
morphology of our spinifex-derived NFCs prevents close packing to some extent, thereby making it 
easier to measure NFC particle dimensions from the lower magnification TEM images, albeit 
typically for bundles of nanofibers rather than primary, discrete nanofibrils. These nanofiber 
bundles display an average diameter of approximately 10 nm, which can be clearly seen at that 
magnification. The average aspect ratio of individual fibrils produced from homogenization of 0.3 
Figure 6.3. TEM images comparing the effect of the number of passes in homogenization of 0.3 % 
(w/v) dispersion of pulp, on the morphology of spinifex nanofibrils when applying 1500 bar 
pressure; a) 1 pass, b) 5 passes, c) 10 passes, d) 15 passes (the scale bar is 200 nm) 
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% (w/v) fibre dispersion for only one pass at 1500 bar pressure is 527 ± 185 and ranging from 266 
to 958, with an average diameter of 3.2 ± 0.8 nm and average length of 1686 ± 591 nm, (as 
measured from TEM images taken at a higher magnification and cryo-TEM using methods 
described in Chapter 3, Section 3.3.6.2 and 3.3.6.1, respectively). The average aspect ratio of a 
bundle of several nanofibrils from the same sample is 540 ± 166 and ranging from 305 to 727, with 
an average diameter of 10.7 ± 3.9 nm and an average length of 5773 ± 1700 nm (as measured from 
TEM images taken at low magnification to enable observation of the whole long bundle in a single 
image. Details of these methods are provided in Chapter 3, Section 3.3.6.2). Figure 6.4 shows the 
three dimensional images of NFC which were taken by cryo-TEM. The length of individual 
nanofibrils was measured from this type of images. 
 
 
 
             Figure 6.4. Three dimensional images of spinifex NFC were taken by cryo-TEM 
 
 
Homogenization of organosolve treated spinifex fibre also resulted in production of very high 
aspect ratio NFC. It was found that a minimum of three passes through the homogenizer was 
necessary to produce nanofibrils with the same diameter as nanofibrils obtained from alkali treated 
fibres after only one pass at the same pressure (1500 bar) through the homogenizer. At one pass we 
could see still some bundles of nanofibrils with an average diameter above 10 nm. Alkali treatment 
has enhanced the defibrillation due to the elimination of less hemicellulose and removal of more 
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lignin, while the residual hemicellulose and lignin content in organosolve treated fibres was 
respectively, 7 wt % and 5.5 wt % higher than alkali treated fibres (see Chapter 5, Section 5.2.1). 
 
6.2.1.1.1  Comparison the effect of homogenization on spinifex pulp with commercial MCC 
Microcrystalline cellulose (MCC) has been a successful product since its discovery in 1955 
and has been commercialized under the trade name of Avicel. MCC is commonly used for 
applications in the pharmaceutical and food industries as a thickening or emulsifying agents e.g. in 
a number of food formulations, and also as a common starting material to prepare cellulose 
nanocrystals (CNC) in several laboratories 14, 15. The common method for producing MCC is acid 
hydrolysis of wood and plant fibres, followed by neutralization with alkali, and spray-drying. The 
resulting aggregate bundles of multi-sized cellulose microfibrils with a diameter in the range of 10-
50 μm, are porous, have a high cellulose content, and a high crystallinity 1. 
 In order to compare the spinifex NFC with another common source of cellulose, 
homogenization of an aqueous dispersion of MCC with a concentration of 0.7 % (w/v) was 
performed at a pressure of 1500 bar for one pass. TEM images in Figure 6.5 compare the effect of 
homogenization on the morphology of MCC and spinifex NFC obtained using identical processing. 
Homogenization of MCC resulted in a significant reduction in its particle size and produced regular 
rod shaped cellulose nanocrystals with an average diameter of 5.6 ± 1.4 nm and an average length 
of 216 ± 70nm. It can be seen that although the diameter of MCC nanocrystals and spinifex NFC 
are almost identical, the length of spinifex nanofibrils still is strikingly higher than the MCC 
nanocrystal.  
 
 
 
6.5. TEM images compare the effect of one pass of homogenization at 1500 bar on morphology of; 
a) MCC, b) spinifex alkali pretreated fibre (the scale bar is 1 μm (a) and 2 μm (b))         
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In comparison with published aspect ratio values for NFCs obtained via homogenization in 
combination of enzymatic hydrolysis 11, TEMPO oxidation 9, 10, and carboxymethylation 12, the 
aspect ratio of spinifex NFCs obtained via homogenization without any further treatment is still 
very high averaging at values of approximately 500. 
 
6.2.1.2  Ultrasonication 
The use of ultrasonic energy has been already proven to defibrillate or deconstruct the 
cellulose fibers into long nanofibrils (from bamboo 16) and nanocrystals (from cotton 17) depending 
on the amount of applied energy. In order to investigate the effects of ultrasonication on 
defibrillation of pretreated fibres, two key parameters of amplitude and ultrasonication time were 
varied (See Chapter 3, Section 3.2.8). It was observed that the ultrasonication of spinifex alkali 
pretreated fibre dispersion at low amplitude (20 %) for either 5 or 20 minutes, produced a 
dispersion of high aspect ratio nanofibrils with an average diameter of approximately 4 and 7 nm, 
respectively and a length of several microns (Figure 6.6 and Table 6.2). A slight increase in the 
ultrasonication amplitude (30 %) and time (20 minutes) enhanced the defibrillation to obtain NFC 
with an average diameter of approximately 5 nm. A further increase in ultrasonication energy (60 % 
amplitude and 5 minutes) also resulted in long nanofibrils with slight entanglement (as seen in 
Figure 6.6 (c)). In the case of spinifex pulp, further increases in ultrasonication energy (above 20 
minutes for 20 and 30 % and above 5 minutes for 60 % amplitude) resulted in more agglomerated 
and entangled fibres. The mechanism for this re-agglomeration is still unclear. It may be attributed 
to excessive vibrational energy leading to the higher mobility of fibrils as well as increased polar 
(hydrogen bonding) surface area after defibrillation. This suggests that a shorter period of 
ultrasonication at lower energy is enough to produce high aspect ratio NFC from pretreated spinifex 
fibre. 
 It should be taken into account that ultrasonication is not considered the most convenient and 
scalable method to treat spinifex fibres uniformly with a high yield. In fact, only a small amount of 
cellulose fibres break down to nanofibrils 18 and remain suspended as supernatant, while the large 
untreated particles settle out. As far as ideal shear force and scalability are considered, high pressure 
homogenisation still remains the best method for defibrillation of spinifex pretreated fibres. 
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Time of 
ultrasonication  
20 % amplitude 30 % amplitude 60 % amplitude 
5 minutes 4.1 ± 0.9 3.62 ± 0.9  14 ± 3.8 
20 minutes 6.8 ± 1.4 5.3 ± 1.8       - 
 
 
 
 
 
6.2.1.3  High energy milling 
The first attempt at exploring the utility of continuous high energy milling was performed on 
bleached spinifex fibres after organosolve delignification. All of the preliminary milling results 
were based on a continuous, re-circulating milling setup (described in Chapter 3, Section 3.2.9). As 
Table 6.2. Comparing the effect of ultrasonication parameters on the average diameter of spinifex 
nanofibrils (the concentration of dispersion was 1 % (w/v)) 
Figure 6.6. TEM images of NFC produced from 1 % (w/v) dispersion of spinifex pulp by 
ultrasonication; a) at 20 % amplitude for 20 minutes, b) at 30 % amplitude for 20 minutes, c) at 60 
% amplitude for 5 minutes (the scale bar is 2 μm) 
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displayed in Figure 6.7, these first spinifex NFC dispersions produced by continuous milling 
showed evidence of substantial inorganic contamination in the TEM images. Others have also 
reported a high degree of contamination, for example when rice straw pulp was processed in a 
similar manner 19. 
 
 
 
 
 
As a second stage, and in an effort to reduce both the amount of energy consumption as well 
as inorganic contamination, batch milling was employed, and the resulting NFC specimens were 
compared with the NFCs obtained from homogenization and ultrasonication to give a global 
comparison of the three mechanical defibrillation approaches. 
The milling conditions; milling time, dispersion concentration, and milling speed, and also 
different delignifications; alkali and organosolve, were systematically varied to identify an optimal 
process window, where NFCs with a high aspect ratio are produced (see methods in Chapter 3, 
Section 3.2.9).  
From the TEM images shown in Figure 6.8, the NFCs obtained from milling of 0.5 % (w/v) 
concentration of different pretreated spinifex fibres (alkali and organosolve) for 20 minutes at 1000 
rpm, and Figure 6.9, the NFC produced by milling of different concentrations of alkali pretreated 
fibre dispersion for 20 minutes at 1000 rpm, are not clear enough to measure the diameter of NFCs 
due to the entanglement of fibrils and also the existence of substantial inorganic contamination.  
Figure 6.7. TEM image showing substantial inorganic contamination in the NFC dispersion 
produced from 0.25 % (w/v) dispersion of organosolve pretreated spinifex fibre by continuous 
milling for 1 hour using 0.4 mm beads at 32 °C. The speed of milling and pump were 1500 and 65 
rpm, respectively (the scale bar is 5 μm) 
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As was the case with high pressure homogenization, the alkali treated spinifex fibres showed 
superior defibrillation after milling in comparison with the organosolve treated fibres, so all further 
milling experiments were done on alkali pretreated fibres. However post-milling TEM 
characterization to determine the effect of different milling conditions on the morphology of NFC 
was found to be difficult for these particular samples due to the higher degree of NFCs 
agglomeration and the impurities present.  
According to Balaz et al 20, the milling time is the most important parameter in the high 
energy milling process, and as such has the most influence on the morphology of micronized 
samples. Figure 6.10 shows that increasing the milling time results in a higher amount of 
contamination from the vessel and also probably from the milling beads in the NFC dispersion. 
However, using optimized milling speed and milling time may effectively reduce the 
contamination.  
 
 
 
 
Figure 6.8. TEM images showing the effect of pulping on morphology of spinifex NFC; a) alkali 
treated fibres (milling 0.5 % (w/v) fibre dispersion for 20 minutes at 1000 rpm), b) organosolve 
treated fibre (milling 0.5 % (w/v) fibre dispersion for 20 minutes at 1000 rpm) (the scale bars are 2 
μm) 
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In order to determine the type and degree of these contaminations in the dispersion of spinifex 
samples, ICPOES analysis was performed on milled NFC. ICPOES results in Table 6.3 show that 
spinifex NFC milled for 20 minutes at 1000 rpm, contains a significant amount of inorganic ions 
such as Ca, Al, K, Mg, Na, S, Si, Cu and also a small amount of Ba, Cr, Mn, P, Sr, and Zn .This 
contamination may be attributed to the highly-abrasive nature of cellulose in the high energy mill, 
combined with the strong interfacial adhesion of hydroxyl groups on the surface of NFC with these 
mineral components. It has been reported that treating cellulose fibre with mild hydrochloric acid 
solution removes the inorganic components from the surface of the fibres so a mild acid treatment 
of bleached fibres was applied in order to partial exchange of metal ions with H+ 21 (see the 
Figure 6.9. TEM images showing the effect of concentration of spinifex pulp dispersion on the 
morphology of NFC; a) 0.5 % (w/v) spinifex fibre dispersion milled for 20 minutes at 1000 rpm, b) 
1 % (w/v) spinifex fibre dispersion milled for 20 minutes at 1000 rpm (the scale bar is 2 μm) 
Figure 6.10. TEM images showing higher amount of inorganic contaminations in NFC obtained 
from milling of 0.5 % (w/v) pulp dispersion at 1000 rpm with increasing milling time; a) 10 
minutes, b) 1hour (the scale bar is 2 μm) 
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procedure of acid treatment in Chapter 3, Section 3.2.11), then ICPOES analysis  was performed for 
the HCl treated bleached fibre and HCl treated milled NFC. 
Treating spinifex bleached fibre with mild HCl solution before milling also showed the same 
inorganic ions in ICPOES analysis but in lower contents. Presumably these contaminations, as in 
the case with spinifex resin 22, due to uptake from the soil through the roots as nutrients and 
micronutrients during growth. Again milling the acid treated spinifex fibres at the identical 
conditions showed an increase in the inorganic ion content in ICPOES analysis which confirms that 
the contaminations also come from the milling pot and vessels or even trace contaminants leaching 
into the water via the several sealing systems operating on the mill.  
In the next step, in order to understand the effect of milling speed on the morphology of NFC, 
a 1 % (w/v) dispersion of HCl treated spinifex bleached fibre milled for 20 minutes at a speed of 
1000 and 3000 rpm, respectively. TEM images in Figure 6.11 show that milling fibres at a higher 
speed resulted in a higher milling intensity, more breakage of fibres, and consequently a shorter 
average NFC length. Milling at 3000 rpm produced short and straight cellulose nanocrystals having 
an average diameter of 8 ± 2 nm and an average length of around 341 ± 100 nm, while the 
nanofibrils obtained by milling at 1000 rpm had an average diameter of around 8.7 ± 4.8 nm and a 
length of few microns (details of the employed measurement method are provided in Chapter 3, 
Section 3.3.6). It also can be observed that with reducing the amount of contamination by mild acid 
treatment, it is easier to determine the effect of milling speed on morphology of NFCs based on the 
dimension of nanofibrils. Detailed analysis about the effect of HCl treatment on the properties of 
pretreated fibre will explain in Session 6.2.6.   
 
 
 
 
Figure 6.11. TEM image of 1 % (w/v) spinifex pulp dispersion obtained after milling at; a) 1000 rpm 
for 20 minutes, b) 3000 rpm for 20 minutes (the scale bar in 200 nm) 
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Sample treatment Inorganic components (mg/kg) 
 
Al Ba Ca Cr Cu Fe K Mg Mn Na P S Si Sr 
Bleaching  HCl 
treatment 
213 0 43 12 4 111 85 47 8 24 1 152 9734 16 
Bleaching  
Milling 
993 6 5945 7 270 528 2533 1999 111 10963 2 2196 2294 103 
BleachingHCl 
treatmentMilling 
716 23 2752 78 14 636 77 263 12 61 1199 355 21811 119 
 
Table 6.3. ICPOES analysis of spinifex fibre and NFC before and after acid treatment 
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6.2.1.4  Comparison between the effects of the application of different mechanical defibrillation 
methods on the morphology of spinifex NFC 
Figure 6.12 compares the transmission electron microscopy images of NFCs produced by 
homogenizer, ultrasonication, and high energy milling and the histograms corresponding to 250 
measurements of NFCs diameter based on the method provided in Chapter 3, Section 3.3.6. The 
geometrical average diameter of bleached fibres after alkali delignification was around 11.45 ± 4.31 
μm and a length ranging from several microns up to almost 7 mm. Generally speaking, the NFCs 
obtained via the three different mechanical treatments (at the most optimal conditions) all displayed 
filament-like nanofibrils with average diameters of below 10 nm (the diameter of their bundles is 
below 40 nm) and a length of several microns. 
Homogenization of a 0.3 % (w/v) pulp dispersion at 1500 bar and only for one pass through 
the homogenizer, exhibited NFCs with a diameter in the range of 1.5 - 7 nm and an average of 3.2 ± 
0.75 nm. 
The NFCs obtained from ultrasonication of alkali delignified and bleached fibre dispersion for 
just 5 minutes at 30 % amplitude had a diameter in the range of 1.7 - 6.5 nm and an average of 3.62 
± 0.9 nm, with a length of several microns. It is important to mention that whilst nanofibres with a 
very similar high aspect ratio prepared from the other sources of cellulose have been reported, they 
required TEMPO pretreated fibre and significantly longer ultrasonication times 23-25. 
NFC and its bundles (which also can be called MFC) produced by milling of 1 % (w/v)  pulp 
dispersion for 20 minutes at 1000 rpm, showed an average diameter in the range of 2.2 - 33 nm and 
an average around 8.7 ± 4.82 nm. After a relatively short period of milling when the fibre size 
diminished, the adhesion and interactions between nanofibrils is enhanced as a consequence of ‘van 
der waals’ and ‘hydrogen’ bonding. The presence of very thin nanofibrils along with relatively 
larger fibrils greatly promotes the aggregation which causes a broader range of nanofibrils and their 
bundles sizes 20. 
Among these three methods, high pressure homogenisation was found to be the most efficient 
and effective in producing high quality nanofibrils from spinifex grass. The lowest applied pressure 
required in order to produce nanofibrils with high aspect ratio without any clogging issue was 350 
bar. To our best knowledge, this is superior in comparison with all published results in terms of the 
number of passes (and overall applied energy) via homogenization after any cellulose chemical 
pretreatments (carboxymethylation, TEMPO oxidation and polyelectrolyte swelling) 26-28 and 
enzymatic hydrolysis in combination in mechanical refining for obtaining nanofibrils from wood 
pulp 29, 30. Isolation nanofibrils from non-wood sources has also been reported, but these examples 
117 
 
all still required either an acid pretreatment 2, 29, 31-36 or a substantially higher number of passes 
through the homogenizer 37-40. 
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Figure 6.12. TEM images and dispersity of diameter of NFCs obtained by; a) homogenization of   
0.3 % (w/v) pulp dispersion at 1500 bar only for one pass, b) ultrasonication of 1 % (w/v) pulp 
dispersion for 5 minutes at 30 % amplitude, and (c) milling of 1 % (w/v) pulp dispersion for 20 
minutes at 1000 rpm (the scale bar is 500 nm) 
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The results from the defibrillation via different mechanical treatments suggest that unusual 
high aspect ratio nanofibrillated cellulose with a high yield can be produced from Triodia pungens 
using a very mild chemical pulping followed by low mechanical energy processing. This has 
apparent beneficial implications with respect to the consumption of chemicals and energy in the 
manufacture of high quality nanofibrillated cellulose. The peculiar behavior of spinifex appears to 
be related to structural morphology, composition and leaf anatomy of the grass which has evolved 
through adaptation to the hot and dry environments.  
In general plants form two types of cell wall which are different in function and composition. 
Primary cell wall is generally a thin, flexible and extensible layer formed while the cell is growing. 
The cell starts to produce the secondary cell wall when the primary cell wall is complete and the 
cell has stopped expanding. The much thicker and stronger secondary wall provides additional 
protection to cells and rigidity and strength to the larger plant. Both primary and secondary walls 
contain cellulose, hemicellulose and pectin in different proportions. The cellulose fibrils are 
embedded in a network contains hemicellulose and lignin, whereby the amount of hemicellulose in 
grasses is higher than the other sources 41. Similar to other grasses, spinifex grass also has these two 
walls and several cell types in the leaf epidermis including epidermal cells and stomata, resin 
producing cells, fibre, mesophyl, vascular tissue and multi-cellular hairs and unicellular papillae. 
Spinifex grasses exhibit a C4 leaf anatomy which possess two type of cells 
42, 43; outer mesophyl 
cells and inner spongy bundle sheath cells (another type of mesophyl) which are arranged in a 
circular manner like a necklace. According to the light microscopy images of the cross-section of 
spinifex fibre 44, in Triodia, the bundle of sheath cells seems to extend beyond the vascular bundle 
and is surrounded by mesophyl tissue (photosynthetic parenchyma cells that lie between the upper 
and lower epidermis layers of a leaf). Triodia pungens possesses a higher percentage of mesophyl 
tissues that are predominantly found in the primary cell wall 39, 40. In Figure 6.13, it can be observed 
that the bundles of fibrils are interconnected by the soft spongy-like mesophyl tissues. It should be 
pointed out that there are also some holes with an average size of 1.65 ± 0.85 μm on the surface of 
flaky mesophyl which have a ventilation and metabolis function 45 (Figure 6.14 (e, f, g)). So the 
peculiar “deconstruction” behaviour of spinifex biomass can be traced back, in part, to this 
particular morphology of spinifex, which mainly consists of parenchyma tissue. This tissue is 
slightly fragile and the cellulose microﬁbrils are organized in a looser network embedded in an 
abundant matrix consisting of hemicelluloses rather than a strong and tight lignin network 46, 47 (also 
of importance, the chemical analysis of grass confirms the higher amount of hemicellulose than 
lignin (Chapter 5, Section 5.2.1)), which is the main key contributing factor in this easier 
deconstruction behaviour. 
119 
 
 
 
Another reason which facilitates the efficient defibrillation of spinifex fibre is shown in the 
SEM micrographs of cross-sections of T. pungens (shown in Figures 6.14 (b, c)). The bundles of 
cellulose fibrils are separated by a nodular structure on the surface, indicating the slack assembly of 
fibres, which is generally observed in C4-leaftype grasses. These hollow tube-like channels are 
stroma lamellae and are responsible for photosynthesis during daytime and the storage of 
biosynthesized carbohydrates. Because of the slack microﬁbrillar interaction with the matrix in the 
parenchyma tissue, micro and nanoﬁbrils can easily be separated from each other after a mild 
chemical treatment, by a significantly low energy mechanical treatment with respect to other reports 
in this technology space. In fact, applying excessive or intense chemical and/or mechanical 
treatments appears to cause damage to the fibrils and results in nanofibres with a shorter length, and 
consequently a lower aspect ratio. 
 
 
 
Figure 6.13. Parenchyma tissue of Triodia pungens. The fibril bundles are surrounded by mesophyll 
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6.2.2  Crystallinity of spinifex NFC 
Cellulose fibres are comprised of crystalline and amorphous regions. The crystallinity of 
cellulose can be affected dramatically by different calculation methods because of the overlapping 
and broad diffraction peaks of cellulose 48, so the most common and accepted method for measuring 
the crystallinity of plant fibre was applied for all NFC samples.  The XRD diffraction spectra of the 
NFC samples produced by homogenization, ultrasonication and milling in Figure 6.15 show that 
spinifex-based NFC is crystalline in nature. The observed XRD peaks at around 2θ =15.6 and 22.6 
for freeze dried NFC samples obtained from milling (milling of 1% (w/v) pulp dispersion for 20 
minutes at 1000 rpm) and homogenization (homogenization of 0.3 % (w/v) pulp dispersion at 1500 
bar for one pass) are representative of a typical structure of cellulose I, while in contrast, treating 
1% (w/v) pulp dispersion with ultrasonication for 5 minutes at a 30 % amplitude resulted in peaks 
transformation to 2θ =12.56, 15.23, and 22.15 due to a different molecular rearrangement 18, 49. Ago 
et al 50 , suggested that this transformation could be as a result of high molecular motion of the 
cellulose chains during the application of intense vibrational energy. The degree of crystallinity and 
Figure 6.14 . SEM micrographs of cross-sections of the raw Triodia pungens; a) global view, b) the 
bundles of fibrils which show a nodular structure of stroma lamellae covering the bundles, c) stroma 
lamellae on the surface of microfibrils bundles, d) spongy mesophyll network on the external layer 
of fibre, e, f, g) flaky mesophyll with the small holes on the surface (the hole size is 1.65± 0.85 μm) 
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crystalline domain size for NFCs produced by different mechanical treatments were calculated and 
are listed in Table 6.4 (details of this calculation are provided in Chapter 3, Section 3.3.8). The 
degree of crystallinity of NFC samples showed that after all mechanical treatments, the crystallinity 
of NFCs slightly decreased. This may be due to the damage of the nanofibril cell walls upon the 
application of mechanical energy (as mentioned in Chapter 5 Section 5.2.3, the degree of 
crystallinity of bleached fibre before mechanical treatment, is 74 %). 
Another parameter which evaluates the effect of mechanical treatments on cellulose structure 
is the mean size of crystalline domains. Interestingly, after mechanical treatments, the thickness of 
crystalline domains increased due to intermolecular rearrangement during these mechanical 
treatments (the crystalline domain size of bleached fibre is 4 nm- Chapter 5, Section 5.2.3).    
 
Sample Degree of crystallinity% Size of crystalline domains (nm) 
Homogenized NFC 69 4.32 
Ultrasound NFC 63 4.1 
Milled NFC 69 4.05 
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Table  6. 4. Degree of crystallinity and size of crystalline domains of freeze dried spinifex NFC 
produced by homogenization, ultrasonication, and milling  
Figure 6.15. X-Ray diffraction spectra of freeze dried spinifex NFC produced by homogenization, 
ultrasonication, and high energy milling  
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Table 6.5 compares the crystallinity and crystalline domain size of spinifex homogenized 
NFC with the NFC and MFC obtained from the other sources of cellulose. Applying intense 
mechanical treatment on cellulose fibre for producing NFC resulted in a significant decrease in 
crystallinity and size of crystalline domain. For the samples which preserved the crystalline size and 
showed improvement in crystallinity, a relatively mild treatment was performed which resulted in 
the production of MFC instead of NFC 16, 38, 51. The degree of crystallinity of spinifex NFC did not 
change significantly after homogenization and the size of crystalline domains increased (from 4 to 
4.32 nm) due to intermolecular rearrangement during treatments. 
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Source of cellulose Mechanical treatment NFC/MFC 
Diameter 
(nm) 
Crystallinity 
of raw fibre 
(%) 
Crystallinity 
of pretreated 
fibre (%) 
Crystallinity 
of NFC/MFC 
(%) 
Crystalline 
domain size 
of pretreated 
fibre (nm) 
Crystalline 
domain size 
of NFC 
/MFC(nm) 
Ref 
Spinifex Homogenization 1.7 - 6.5 52 74 69 4 4.32  
Bleached eucalyptus pulp Microfluidization 4.7 - 31 - 55 44 - - 30 
Bamboo fibre Ultrasonication 30 - 80 53.39 66.91 61.25 - - 16 
Bleached wood pulp Homogenization 21 - 70.5 57.6 - - 52 
Sugar-beet pulp Ultrasonication and 
homogenization 
2 -15 - 13 11 - - 53 
Sugar beet pulp Homogenization 20 - 70 39.96 69.62 77.89 - - 38 
Abaca  Homogenization 20 - 75 60 - - 28 
Hemp Homogenization 30 - 50 - 86 78 - - 28 
Bleached eucalyptus fibre Ultrasonication and 
homogenization 
1000 - 
5000 
- 16.22 15.50 - - 51 
TEMPO oxidized wood 
pulp 
Ultrasonication 1 73.5 72 52 4.25 2.79 54 
Arbocel BWW40 Milling 3.4 - 4 - 53 15 3.97 - 55 
Lemon peel Homogenization 3 -10 - 51 55 3.5 3.5 56 
  
Table 6.5. Comparison crystallinity and crystalline domain size of NFC obtained from different sources and treatments of cellulose with spinifex NFC 
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6.2.3   Mechanical properties of spinifex NFC 
Figure 6.16 presents the typical tensile stress-strain curve for spinifex NFC “nanopaper” 
produced by vacuum filtration of homogenized NFC (homogenization of 0.3 % (w/v) pretreated 
fibre dispersion for one pass through the homogenizer at a pressure of 1500 bar) and milled NFC 
(milling of 0.5 % (w/v) fibre dispersion for 20 minutes at a milling speed of 1000 rpm), dried in a 
vacuum oven at 50 °C for 48 hours (see details of drying procedures in Chapter 3, Section 3.2.10). 
Table 6.6 summarizes the corresponding average values for basic tensile mechanical properties of 
these nanopaper samples (it needs to be mentioned that after ultrasonication, due to the existence of 
untreated fibre, the obtained film was not strong enough for mechanical testing, so only the 
mechanical properties of homogenized and milled samples were investigated). The mechanical 
properties of NFC nanopaper not only depend on the fibrils’ modulus, and tensile strength, but also 
on the orientation and degree of interaction between nanoﬁbrils within the paper, which are in-turn 
affected by the preparation method (vacuum filtration and drying). Nanopaper produced from 
homogenized NFC is stronger than nanopaper produced by milled NFC, and showed a tensile stress 
of approximately 48 ± 2.1 MPa in comparison with the milled NFC nanopaper, which registered a 
tensile stress of 39 ± 2.4 MPa. The milled spinifex NFC became contaminated with significant 
amounts of inorganic particles from the milling media and chamber. These particles could reduce 
the hydrogen bonding between the nanofibrils and act as stress raisors, and can thus adversely affect 
the strength of the nanopaper. Hassan et al 19 also reported the existence of silica contaminants in 
the dispersion of rice straw fibrils, which adversely effected the mechanical properties of the film 
produced from rice straw fibrils.  
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In order to understand the effect of drying methods and conditions on the physical and 
mechanical properties of nanopaper samples, NFC nanopaper formed from vacuum filtration of a 
homogenized NFC dispersion was dispatched from filter paper and placed on a pair of Teflon sheets 
and compressed between a pair of metal platens in a hydraulic hot press instrument with no 
significant force at 103 °C for 2 hours (details of drying procedures are in Chapter 3, Section 
3.2.10). The effect of preparation methods on the properties of resulting nanopaper samples was 
compared by Sehaqui et al 57. They suggested that the mechanical properties of cellulose nanopaper 
are very sensitive to orientation distribution of the nanofibers. The high modulus and ultimate 
strength will be obtained when the applied drying procedure leads to good in-plane orientation of 
Figure 6.16. Comparing tensile curves for spinifex nanopaper produced from homogenized and 
milled NFC dispersions and prepared by vacuum filtration and drying in a vacuum oven at 50 °C for 
48 hours 
Table 6.6. Mechanical properties of spinifex nanopapers produced from homogenized and milled 
NFC dispersions and prepared by vacuum filtration and drying in a vacuum oven at 50 °C for 48 
hours 
 Porosity 
(% ) 
Thickness 
(mm)  
Young's 
Modulus  
(GPa)  
Tensile 
strain 
(%)  
Tensile 
stress 
(MPa)  
Work at 
fracture 
(MJ m-3) 
Homogenized 
NFC 
76  0.055  4.7 ± 0.4 3.2 ± 0.5 48 ± 2.3 1.05 ± 0.6 
Milled NFC 40  0.059  2.5 ± 0.5 3.3 ± 0.2 39 ± 2.5 0.88 ± 0.07 
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the nanofibers, and possibly also less porosity. Figure 6.17 and Table 6.7 compare the stress-strain 
curves and property values for NFC nanopaper samples obtained with different porosity and 
thickness values. A comparison between different drying methods indicates that the nanopaper 
samples which were dried with the hot press under low-force compression showed less porosity and 
better mechanical properties than vacuum dried samples due to the higher density and 
corresponding number of interactions between the nanofibrils. It seems that drying rate and 
compression may also be critical for the degree of bonding between the nanofibrils and 
consequently for the mechanical properties of nanopaper samples. The tensile stress of the 
nanopaper mainly depends on the degree of bonding between the fibrils. An increased drying 
temperature under compression resulted in nanopapers with the less porosity and better mechanical 
properties.  
The overall toughness of spinifex derived NFC (area under the tensile curve) is impressive 
and higher than that from the other sources (Table 6.8)58-62.  Clearly the mechanisms at play are 
very complex, however we suggest that this could be associated with interﬁbril debonding, bending 
and plasticity of nanoﬁbrils, slippage of high aspect ratio and well-entangled nanoﬁbrils, and 
ultimately, high tensile fracture of nanoﬁbrils enabling quite a high plastic deformation before 
breakage 13. Despite a relatively high porosity between 20 and 30 %, the nanopaper samples 
obtained from spinifex NFC strained to a larger value in comparison with the other sources of 
cellulose (Table 6.8) 27, 61, 63. This could be due to the smaller and more homogeneously distributed 
voids, reasonably strong interﬁbril adhesion, and the strength of individual nanofibrils 13. One very 
important differentiating factor for spinifex NFC is the unusually-high hemicellulose content (as 
presented in Chapter 5, Section 5.2.1) and the flexibility and toughness that this imparts to 
nanofibrils through strong but “forgiving” and labile interfiber bonding, which reportedly is 
beneficial for imparting toughness and flexibility to NFC nanopaper 64 65. 
 
 
 
127 
 
0 5 10 15
0
20
40
60
80
100
T
re
n
si
le
 s
tr
es
s 
(M
P
a)
Tensile strain (%)
 P=22 %, t=0.089 mm
 P=32 %, t=0.063 mm
 P=35 %, t=0.113 mm
 P=30 %, t=0.124 mm
 
 
Porosity 
  (% ) 
Thickness            
(mm)  
Young's 
Modulus  
  (GPa) 
Tensile strain 
(%) 
Tensile stress 
(MPa) 
Work at 
fracture 
(MJ m-3) 
22 0.089 3.2 ± 0.2 18 ±0.2 84 ± 5 12.3 ± 2 
30 0.124 3.6 ± 0.14 7 ± 0. 3 86 ± 2.3 4 ± 0.7 
  32  0.062 3 ± 0.7 12 ± 0.3 67 ± 0.13 6 ± 0.2 
35 0.113 3.1 ± 0.54 9 ± 0.9 63 ± 3.7 4 ± 1.2 
Table 6.7. Mechanical properties of spinifex nanopaper samples with different porosity and 
thickness, produced from homogenized NFC and dried with hot press at 103 °C for 2 hours  
Figure 6.17. Tensile curves of spinifex nanopaper samples with different porosity (P) and 
thickness (t), produced from homogenized NFC and dried with a hot press at 103 °C for 2 hours  
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Source of cellulose Mechanical treatment Young's Modulus  
(GPa) 
Tensile strain   
(%) 
Tensile stress 
(MPa) 
Work at fracture 
(MJ m-3) 
Ref 
Spinifex Homogenization 3.2 ± 0.2 18 ± 0.2 84 ± 5 12.3 ± 2  
Sodium form washed wood pulp  Homogenization 11.2 7.2 230 10.55 27 
TEMPO mediated wood pulp Homogenization 1.4 16.6 83 7.8 61 
Bleached soft wood Homogenization 6.67 ± 0.6 Tensile index(NM/g) 5.67 ± 2.1 66 
   105.3 ± 19   
Bleached hard wood Homogenization 6.3 ± 0.6 Tensile index(NM/g) 5.8 ± 3.2 66 
   91.7 ± 25   
Soft wood pulp with the DP=1100 Microﬂuidizer 14.7 6.9 205 9.8 67 
Beech-wood pulp Homogenization 7.5 5 152 - 68 
Bleached soft wood Homogenization 2.3 11 80 - 3 
Bleached hard wood Homogenization 1 2 20 - 3 
       
 
 
 
Table 6.8. Comparison the mechanical properties of nanopaper obtained from NFC prepared from the other sources of cellulose with spinifex NFC 
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In order to demonstrate the toughness with high strain and relatively low modulus, the 
flexibility and durability of nanopaper were further tested by repeated bending (180° folding) as 
shown in Figure 6.18. It can be observed that similar to aerogels 69 and hydrogel 61, spinifex 
nanopaper has retained in its original structure without any visible fracture after repeated the 
folding-unfolding for 12 cycles  (Figure 6.19 (b)).  
 
 
 
 
The optical transparency of spinifex NFC nanopaper is shown in Figure 6.19. Despite a 
porosity of 30 % the paper is still translucent, indicating that the nanopaper structure has a low 
extent of nanofibril aggregation 70 and also a relatively small pore size. 
 
 
 
 
Figure 6.18. Spinifex nanopaper produced from homogenized NFC after vacuum filtration and 
drying with hot press at 103 °C for 2 hours; a) folded nanopaper, b) same nanopaper after 12 cycles 
of folding-unfolding    
Figure 6.19. The optical transparency of spinifex nanopaper produced from homogenized NFC 
after vacuum filtration and drying with a hot press at 103 °C for 2 hours. The thickness and porosity 
of this nanopaper sample are 54 μm and 30 %, respectively   
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6.2.4  Elastic modulus of single spinifex nanofibrils 
In order to gain a better understanding about the mechanical properties of spinifex NFC, 
especially if rigid nanocomposite applications are considered, the transverse elastic modulus of 
individual nanofibrils were measured using AM-FM (Amplitude Modulation - Frequency 
Modulation) a relatively new method performed using AFM. In all reported methods, the force-
displacement curves were acquired in AFM and then fitted by several different models to estimate 
the transverse elastic modulus. In this study the AM-FM method was applied to measure the 
transverse elastic modulus of spinifex nanofibrils directly from the AFM image. AM-FM 
viscoelastic mapping combines the features and benefits of normal tapping mode with quantitative, 
high sensitivity frequency modulation mode, as well as fast scanning. A non-invasive, high quality 
image was obtained in normal tapping mode when the AFM cantilever applied a small load at the 
surface of the NFC sample. The frequency produced by the cantilever was adjusted to keep the 
phase at 90 degrees, on resonance. This resonant frequency is a sensitive measure of the tip-sample 
interaction. The stiffer the tip-sample interaction resulted the higher the frequency shifts of the 
second mode. This frequency shift then was converted into a quantitative modulus measurement 
through the Hertz-Sneddon mechanical model 71. AFM image and modulus spectra in Figure 6.20 
show that the elastic modulus of spinifex NFC with an average diameter of 3.5 ± 0.8 nm is in the 
range of 19 - 24 GPa. This elastic modulus range is a little lower than most reported values for CNC 
(refer to values), which is consistent with our findings that the spinifex NFCs have a relatively high 
amorphous hemicellulose content (transverse elastic modules about 18 - 50 GPa for wood-derived 
CNC 72, 24.8 and 17.7 GPa for wood and cotton CNCs respectively 73, and 2 - 25 GPa for tunicate 
CNC 74, 75), giving them more toughness and flexibility, rather than stiffness, as expected for CNCs. 
This elastic modulus range is still excellent, and indicates the existence of strong inter and 
intramolecular hydrogen bonding, and also can be explained by high crystallinity and large 
crystalline domain values for our spinifex NFC, despite the unusually high hemicellulose content.   
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6.2.5  Thermal properties of spinifex NFC 
Thermo gravimetric analysis (TGA) was performed in order to evaluate the amount of 
absorbed moisture in freeze dried spinifex NFC samples, as well as the relative thermal stability of 
the NFC samples as a function of mechanical treatment (details of analysis are in Chapter 3, Section 
3.3.2). Figure 6.21 compares the thermal degradation process of spinifex NFC produced by 
homogenization, ultrasonication, and milling and Table 6.9 summarizes the degradation 
temperatures of the various NFC samples. The weight loss of NFC samples in the range of 30 - 150 
°C corresponds to the evaporation of absorbed water. All spinifex NFC samples showed less than 7 
% weight loss due to loss of moisture. At a higher temperature range (above 150 °C), the 
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Figure 6.20. Transverse elastic modulus of spinifex nanofibril measured by AM-FM 
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degradation behaviours of NFC obtained through the ultrasonication and homogenization were 
almost identical, while milled NFC sample started to degrade earlier due to existence of inorganic 
contaminations, which perhaps prohibit some degree of hydrogen bonding between the nanofibrils, 
but which may also catalyze thermal degradation. Degradation of NFC samples also showed two 
separate processes. The earlier degradation occurred around 270 °C and is due to the low 
decomposition temperature of hemicellulose which remained on the surface of nanofibrils, and 
preceded the second stage which was associated with a maximum decomposition process at around 
320 °C attributed to the pyrolysis of cellulose. 
The residual solid mass at 500 °C for the homogenized and ultrasonicated NFCs was about 26 
wt % (same as the residual mass for bleached fibre at this temperature. See the TGA spectra in 
Chapter 5, Section 5.2.4) while the residual mass for the NFC produced by milling was increased to 
40 wt%. As mentioned before in Chapter 5, this could be due to the existence of inorganic 
components taken up by the roots of grass as nutrients and micronutrients in the soil and also for the 
milled NFC attributed to the contamination of milling vessel and beads 50 (see the ICPOES analysis 
results in Section 6.2.1.3).  
 
100 200 300 400 500
20
30
40
50
60
70
80
90
100
40 60 80 100 120 140
92
93
94
95
96
97
98
99
100
 
 
 Ultrasonicated NFC
 Homogenized NFC
 Milled NFC
M
as
s 
lo
ss
 (
 %
)
Temperature (°C)
 
 
 
 
Figure 6.21. TGA curves for spinifex NFC produced by homogenization, ultrasonication, and 
milling. The inset shows lower temperature curves in more detail 
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6.2.6  Effect of mild HCl treatment on properties of spinifex pretreated fibre 
To investigate the effect of mild hydrochloric acid treatment on fibres structure, comparison 
between the ATR FTIR spectra of bleached spinifex fibre and HCl treated bleached fibre in Figure 
6.22 confirms that both samples showed the same functional groups. The XRD spectra in Figure 
6.23 also indicate the same crystalline structure for bleached and acid treated fibres. Optical 
microscopy images in Figure 6. 24 show that the morphology of fibres slightly changed after acid 
treatment and also thermal property of acid treated fibre showed improvement in TGA spectra in 
Figure 6.25. Slight decrease in the fibres diameter and improvement of thermal property might be 
due to removing the inorganic components which were prohibited from hydrogen bonding between 
the cellulose nanofibrils and also partly removing the hemicellulose with the lower degradation 
temperature 76. Table 6.10 summarizes the average diameter of fibres, crystallinity and degradation 
temperature of spinifex bleached and HCl treated fibres.  
 
Table 6.9. Thermal degradation temperature of spinifex NFC produced by homogenization, 
ultrasonication, and milling 
Sample   First decomposition 
temperature (°C) 
Second decomposition 
temperature  (°C) 
Homogenized NFC 272 328 
Ultrasonicated NFC  275 321 
Milled NFC  272 324 
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Figure 6.22. ATR  FTIR spectra of bleached spinifex fibres and HCl treated fibres 
Figure 6.23. X-ray diffraction spectra of bleached and HCl treated spinifex fibres 
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 Bleached fibre HCl treated fibre 
Crystallinity (% ) 75 75 
Average diameter of fibres (μm) 11 9 
Degradation temperature (°C) 230 260 
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Figure 6.24. Optical microscopy of; a) bleached fibre, b) HCl treated fibre (the scale bar is 100 μm) 
Table 6.10. Comparison between properties of bleached fibre and HCl treated fibre 
Figure 6.25. TGA spectra, showing the effect of HCl treatment on thermal properties of spinifex 
bleached fibre  
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6.2.7  The production of NFC from another “hard” spices of Triodia for comparison 
As mentioned before in Chapter 2, spinifex forms the dominant Australian vegetation over 
approximately 27 % of the continent. In this study our main focus was only on Triodia pungens, a 
“soft” species collected from North-west Queensland in a region with an average annual rainfall of 
400 mm, while there are a further 68 spinifex species that we have not explored yet. So in order to 
understand which species are the most suitable, and enable larger, more targeted harvesting trials, I 
applied our established methods of producing NFC to another species, Triodia longiceps, a hard 
non-resinous spinifex. As a preliminary trial, pretreated Triodia longiceps (alkali delignified and 
bleached fibre, details of procedures are same as Triodia pungens and can be find in Chapter 3, 
Section 3.2.4) was homogenized at 1500 bar pressure for one pass in order to compare with Triodia 
pungens. Figure 6.27 show the TEM images of NFC obtained from Triodia longiceps, and the 
diameter of nanofibrils were measured based on the same methods described in Chapter 3, Section 
3.3.6. It can be observed that the homogenization of Triodia longiceps also produced high aspect 
ratio NFC with an average diameter of 15.5 ± 4 nm and a length of several microns. The bundle of 
NFC also has an average diameter of 32.4 ± 8.9 nm. It appears that a higher number of passes is 
required to fully defibrillate Triodia longiceps and produce similar NFC as that obtained from 
Triodia pungens, but in only one pass through the homogenizer. More studies on chemical analysis 
of Triodia longiceps and optimization of homogenization parameters will be outlined in the 
recommended future work outline in Chapter 8. 
 
 
 
Figure 6.26. TEM images of homogenized Triodia longiceps after one pass at 1500 bar (the scale 
bar is 2 μm (a) and 500 nm (b))  
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6.3  Summary 
Different mechanical methods have been applied to prepare NFC from spinifex pulp which all 
of them clearly demonstrated unusually high aspect ratio nanofibrils due to high content of 
hemicellulose. Obtaining a homogeneous dispersion of nanofibres within a few number of passes 
through the homogenizer with 100 % yield or using high energy milling, or ultrasonication for short 
time and lower energy all indicated that long nanofibrils with very small diameter can be obtained 
by very mild chemical treatments and significant lower energy consumption compared to the other 
type of cellulose sources.  
Applying different pressure, different slurry concentration and also varying the number of 
passes through the homogenizer exhibited almost the same result on the nanofibrils diameter and 
length. In defibrillation process of spinifex grass, homogenisation of pretreated fibres produces very 
high aspect ratio NFC even at only one pass through the homogenizer without any clogging issues. 
In comparison with the other source of cellulose, it was easier to defibrillate spinifex fibre into 
nanoscale fibres at first pass.  
Ultrasonication of spinifex pretreated fibre even at low energy and short time produced 
nanofibre with the diameter of below 10 nm and several micron length. However it seems that this 
treatment can not be a scalable method to treat spinifex fibres uniformly with a high yield.  
 As far as ideal shear force and scalability are considered, high pressure homogenisation still 
remained the best method for defibrillation of spinifex fibres. 
 Extraction of cellulose nanofibrils from spinifex grass using a high energy milling also 
resulted in nanofibrils with very high aspect ratio while the crystallinity of obtained nanofibrils and 
structure of cellulose did not change significantly. High energy milling can provide good 
opportunity to scale-up the production of NFC if nanocellulose with high purity is not considered. 
The NFC obtained from spinifex has crystallinity about 69 % and thermal stability up to 320 
°C. Based on the tensile stress-strain curves, the spinifex NFC nanopaper has interesting mechanical 
properties. At 22 % porosity; Young’s modulus, tensile strain, tensile stress, and toughness (work at 
fracture), are 3.2 GPa, 18 %, 84 MPa, and 12 MJ m-3 respectively. These favourable properties are 
due to the high aspect ratio nanofibrils orientation, network structure and high hemicellulose 
content.  
It seems that the chemical and morphological origins for this surprisingly low energy input 
requirement for isolating unusual high aspect ratio nanofibres from Triodia pungens is directly 
related to the plant’s unique morphology and evolution, which have been heavily influenced by an 
extreme arid climate 44. 
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Chapter 7. 
Polymer nanocomposites reinforced with 
high aspect ratio cellulose nanocrystals 
isolated from Triodia pungens 
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7.1  Introduction 
One of the most industrialised applications of nanoparticles is to use them for reinforcing 
polymers in order to enhance properties and performance of the materials. The degree of 
reinforcement effect in polymer nanocomposites mainly depends on polymer-nanoparticle 
interfacial interactions, the nanoparticle specific surface area, aspect ratio and the mechanical 
properties of individual nanoparticles 1. Earlier studies have suggested that nanoparticles with a 
high aspect ratio give better reinforcement properties due to the formation of a percolating network 
of fillers at very low loading, which enhances stress transfer from the matrix to the fibres 2. In 
recent decades, many publications and patents on isolating cellulose nanocrystals from different 
sources like wood pulp, cotton and lignocellulosic fibers and developing their nanocomposites have 
appeared. Most of the methods have relied on acid hydrolysis to isolate rod-shaped crystals with a 
diameter in the range of 3 - 15 nm, and a length in the range of 50 - 500 nm to then go ahead and 
make nanocomposites 3, 4. A typical procedure of producing cellulose nanocrystals involves acid 
hydrolysis using corrosive acids, followed by centrifuging, dialysing, ultrasonication and drying 
(the flowchart of a typical process is shown in Figure 7.1). High aspect ratio cellulose nanocrystals 
(with an aspect ratio of 70 - 100) can be obtained from rare marine animals called tunicates 
(urochordates) 4. Due to their relatively rare abundance, their use is much restricted to academic 
research. Therefore, producing low cost nanocrystals from plant materials with a higher aspect ratio, 
or closer to that of CNCs derived from tunicates (t-CNCs) remains a high priority challenge.  
This chapter aims to outline the results of optimisation of the acid hydrolysis process for the 
isolation of high aspect ratio cellulose nanocrystals from T. pungens and the subsequent evaluation 
of their reinforcement potential in an industrially-relevant polymer matrix, i.e. thermoplastic 
polyurethane (TPU). It should be mentioned that the term ‘nanocrystal’ is used in this chapter based 
on the traditional CNC isolation method which uses acid hydrolysis. Commonly the nanocrystals 
obtained via acid hydrolysis have a lower aspect ratio and can also be called ‘nanowhiskers’, 
‘whiskers’, or ‘nanocrystals’ 5, while the long spinifex nanofibres that I have produced in this 
project using acid hydrolysis could legitimately be called ‘nanofibrils’ or nanofibrillated cellulose’ 
based on the dimensions and aspect ratio that was serendipitously obtained here.  
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7.2  Results and discussion 
Typical procedures employed for the production of cellulose nanocrystals consist of 
hydrolysing cellulose fibres with a strong acid under strictly controlled conditions of temperature, 
time, and agitation. So far, sulphuric acid has been extensively used as a hydrolysing agent; it reacts 
with hydroxyl groups at the surface of cellulose to give a negative sulphate charge that promotes the 
dispersion of CNC in the water (Figure 7.2). These hydrolysis conditions are known to affect the 
properties of the resulting cellulose nanocrystal and also the yield of CNC 6. Therefore the 
concentrations of sulphuric acid and hydrolysis temperature and time were taken into account in the 
process of acid treatment (all samples were ultrasonicated for 20 minutes at 25 % amplitude after 
dialysis). 
 
 
 
Figure 7.1. Typical procedure for the acid hydrolysis of spinifex grass (a detailed procedure can be 
found in Chapter 3, Section 3.2.12) 
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7.2.1 Optimisation of isolation method 
In a typical procedure of producing cellulose nanocrystals by acid hydrolysis, the acid 
concentration varies from 35 to 65 % and the temperature can range from room temperature up to 
70 °C 7, 8. The corresponding hydrolysis time depends on the hydrolysis temperature that has been 
varied from 30 minutes to overnight 9. Spinifex bleached fibres were treated at 45 °C with four 
different sulphuric acid concentrations. Table 7.1 summarizes the yield and appearance of dried 
CNC obtained from acid hydrolysis, and Tables 7.2 and 7.3 summarize the effect of hydrolysis 
temperature for fibres treated with a 35 % (v/v) acid solution for 3 hours, and also the effect of 
hydrolysis time for the treatment with 35 and 45 % (v/v) acid at 45 °C, respectively. 
As the concentration of sulphuric acid increased, the colour of the CNC product changed from 
white to yellow, and significantly, using an acid concentration above 45 % (v/v) resulted in 
degradation of cellulose. The yield of CNC increased with increasing acid concentration up to 40 
%, at which the highest yield was obtained.   
Increasing only 5 °C of hydrolysis temperature (from 45 °C to 50 °C) while at a 35 % (v/v) 
sulphuric acid concentration for 3 hours resulted in increased CNC yield, but also a change in the 
CNC colour to light yellow. The colour of CNC also changed with increasing the hydrolysis time, 
from white to light yellow when the fibre was treated with 35 % (v/v) acid at 45 °C for 3 hours and 
6 hours, respectively. We assume that a slight change in the colour of obtained CNCs from white to 
yellow can be due to the degradation of hemicellulose covering the surface of pretreated fibres (as 
Figure 7.2. Sulphate groups on the surface of cellulose after hydrolysis with sulphuric acid  
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mentioned before in Chapter 5, Section 5,2,1, chemical analysis showed that the bleached fibre 
contains about 37 % (w/w) hemicellulose). Hydrolysis at higher acid concentration (above 45 % 
(v/v)) for 3 hours results in burning of the cellulose fibres. Based on these results as well as early 
feedback from our collaborators at Purdue University, we surmised that spinifex has irregular 
crystalline regions that hydrolyse more readily, and which therefore require careful control of the 
hydrolysis time, particularly when higher acid concentration are used. 
 
Acid concentration and 
hydrolysis time 
Yield (%) Appearance 
35 % (v/v), 3 hours 33 White 
40 % (v/v), 3 hours 42 White 
45 % (v/v), 1 hour 8 Deep yellow 
50 % (v/v), 1 hour < 2 Brown 
 
 
Hydrolysis temperature Yield (%) Appearance 
45  ºC 33 White 
50  ºC 40 Light yellow 
 
 
Table 7.1.  Effect of acid concentration on the yield and appearance of CNC hydrolysed at 45 °C   
Table 7.2. Effect of hydrolysis temperature on the yield and appearance of CNC hydrolysed with 35 
% (v/v) sulphuric acid for 3 hours   
Table 7.3. Effect of hydrolysis time on the yield and appearance of CNC hydrolysed with 35 % 
(v/v) and 45 % (v/v) acid at 45 °C   
Hydrolysis time Yield (%) Appearance 
 
35 % (v/v) acid 
 
3 hours 33 White 
6 hours 43 Light yellow 
 45 % (v/v) acid  
1 hour 8 Deep yellow 
3 hours - Acid burnt the cellulose 
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With spinifex grass, use of an acid concentration above 45 % (v/v) and a temperature above 
50 C resulted in extreme and destructive hydrolysis, either through charring or by complete 
hydrolysis into low molecular weight sugars.  
7.2.2 Morphological characterisation of cellulose nanocrystal 
Figure 7.3 compares the TEM images of spinifex cellulose nanocrystals produced using 
different conditions. The nanocrystals obtained from spinifex grass have a relatively high length and 
small diameter. The average diameter of acid treated fibres (using a 40 % (v/v) acid concentration at 
45 °C for 3 hours and ultrasonication at 25 % amplitude for 20 minutes after dialysis) is 3.45 ± 0.75 
nm. A measurement of the length of short fibres after acid treatment (i.e. where it was possible to 
find the start and end points of CNCs in single TEM images) yielded measured dimensions of 497 ± 
106 nm. This gives an aspect ratio of about 144. As it can be observed from the TEM images 
(Figure 7.3), the nanocrystals obtained from spinifex grass are longer and thinner than those 
reported for CNC derived from many other plant sources 2. The high aspect ratio of cellulose 
nanocrystals at low acid concentration (below 45 %) can be related to the high amount of 
hemicellulose. As far as we are aware, the production of such high aspect ratio CNC derived from 
plant sources was not possible prior to this project, and so this has presented us with a unique 
opportunity to evaluate these nanoparticles as “functional nanofillers” in polymer nanocomposites. 
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It was observed that the optimised condition for isolating cellulose nanocrystals with high 
yield from spinifex grass relied on a combination of low temperature and low acid concentration. 
For example, 40 % (v/v) sulphuric acid at 45 °C, for 3 hours gave a high yield of 42 % CNC. It can 
be seen from the TEM images (Figure 7.3), that the application of more intense conditions, such as 
a sulphuric acid concentration above 45 % (v/v) (for comparison, the most widely-used acid 
concentration in the literature to produce CNC is 64 % 7, 8) and a temperature above 50 ºC, results in 
spinifex-derived plant material degradation into low molecular weight sugars.  
Figure 7.3. TEM images of the cellulose nanocrystals obtained via acid hydrolysis from T. pungens 
comparing the effect of acid hydrolysing conditions on morphology of nanocrystals; a) hydrolysis  
with 35 % (v/v) acid at 50 °C for 3 hours (the scale bar is 2 μm), b) hydrolysis with 35 % (v/v) acid 
at 45 °C for 6 hours (the scale bar is 2 μm), c) hydrolysis with 40 % (v/v) acid at 45 °C for 3 hours 
(the scale bar is 200 nm), d) hydrolysis with 50 % (v/v) acid at 45 °C for 3 hours (the scale bar is 
500 nm)(all samples were ultrasonicated at 25 % amplitude for 20 minutes after dialysis) 
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To the best of my knowledge, the combination of mild acid concentration and low treatment 
temperature has not previously been reported as a suitable method to produce high aspect ratio 
cellulose nanocrystals from a plant resource. Even if the spinifex sample after acid hydrolysis (40 % 
(v/v) sulphuric acid at 45 °C for 3 hours) was exposed to the intense ultrasonic energy (at 70 % 
amplitude for 20 minutes), the very high aspect-ratio cellulose nanocrystal structure was maintained 
(Figure 7.4). Typically, with other nanocellulose production methods, intense chemical treatment 
conditions along with much more intense ultrasonication are required in order to sufficiently 
separate the cellulose fibres into fibres with nanometre scale widths. However, such harsh 
conditions also tend to cause breakage of the fibres and consequently result in a severe reduction of 
average CNC length. For instance,  Annamalai et al 10 reported that the CNC obtained from acid 
hydrolysis of cotton filter paper using 64 % sulphuric acid at 50 °C for 3.5 hours and ultrasonication 
for 16 after dialysis, resulted in an average diameter and length of 34.5 ± 6.1 nm and 365 ± 80 nm, 
respectively (the approximate aspect ratio based of the average diameter and length is 10.58).  
 
 
 
Figure 7.4. TEM image of cellulose nanocrystals obtained via 40 % (v/v) sulphuric acid treatment 
at 45 °C for 3 hours, then dialysis, followed by ultrasonication at 70 % amplitude for 20 minutes 
(the scale bar is 500 nm) 
 
 
7.2.3  Effect of acid hydrolysis on the chemical structure and composition of spinifex fibres 
Figure 7.5 compares the ATR FTIR spectra of CNC obtained by acid hydrolysis using 
different conditions with bleached spinifex fibre. The absorbance band in the range of 3000 and 
3600 cm-1, reflects the strong hydrogen bonding of hydroxyl groups (O-H). The peak around 2908 
cm-1 is assigned to C-H vibration from -CH2 groups and the peak around 1430 cm
-1 confirms the 
CH2 bending 
11. The peaks at 1161 cm-1 and 897 cm-1 which are assigned to the β-glucosidic 
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linkage for cellulose I 12 can be observed in all samples except the sample hydrolysed using 50 % 
(v/v) sulphuric acid. No absorbance was observed at 1400 - 1600 cm-1 and around 1200 cm -1 due to 
sulphate groups for the acid treated fibre. This was a similar finding to previous reports by Hamad 
et al 13 and Yiying Yue et al 14 who believed that the degree of sulphonation in the CNC samples 
was too low (less than 7 sulphate groups per 100 anhydroglicose) to be detectable by ATR FTIR 13, 
14.   
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7.2.4  Effect of acid hydrolysis on crystallinity of spinifex fibre 
In order to understand the effect of different acid treatment conditions on the crystalline 
structure of spinifex fibre, the crystallinity of nanocrystals was measured by X-ray diffraction 
(XRD). Figure 7.6 compares the XRD diffraction patterns for freeze-dried CNC samples with alkali 
delignified and bleached fibres, and Table 7.4 summarizes the crystallinity values of CNC samples 
and the corresponding size of crystalline domains.  
 
 
 
 
 
 
Figure 7.5. ATR FTIR spectra of bleached spinifex grass and CNCs obtained under different 
conditions  
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Table  7. 4. Crystallinity and size of crystalline domain of spinifex fibre after alkali delignification, 
bleaching, and acid hydrolysis 
Sample Crystallinity (%) Crystalline domain 
size (nm)  
Alkali delignified fibre  71 4 
Bleached fibre 72 4 
Hydrolysed CNC (35 % (v/v) acid, 3 hours, 45 °C) 72 4.3  
Hydrolysed CNC (35 % (v/v) acid, 6 hours, 45 °C) 71 4.2  
Hydrolysed CNC (35 % (v/v) acid, 3 hours, 50 °C) 77 4.7  
Hydrolysed CNC (40 % (v/v) acid, 3 hours, 45 °C) 73 4.7  
Hydrolysed CNC (45 % (v/v) acid, 1 hour, 45 °C) 78 5.7  
 
 
All X-ray diffraction spectra of acid hydrolysed fibre produced using a lower than 45 % (v/v) 
sulphuric acid concentration, showed characteristic peaks at around 2θ = 18.6° and 22.4° which are 
indicative of the typical structure of cellulose I. The crystallinity of CNC samples were measured by 
Figure 7.6. X-Ray diffraction spectra of spinifex fibre samples after alkali delignification, 
bleaching, and acid hydrolysis 
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determining the relative intensity of amorphous and crystalline peaks of each sample (details of 
measurement are in Chapter 3, Section 3.3.8). There are no major differences between the 
crystallinity of CNC samples treated at milder acid conditions with the alkali delignified and 
bleached fibres. Again it was observed that using a lower than 45 % (v/v) acid concentration at a 
temperature below 50 °C did not impart any major morphological changes. Although hydrolysing 
using higher acid concentration (45 % (v/v)) or higher temperature (50 °C) resulted in the 
deconstruction of more cellulose nanocrystals registering a higher crystallinity due to the removal of 
amorphous domains (specially hemicellulose), the over hydrolysing of smaller fibres caused them 
to burn and changed the CNC colour. Change in the size of crystalline domains also showed a 
similar tendency. The crystalline domain size for the nanofibres hydrolysed with 45 % (v/v) 
sulphuric acid was higher (about 5.4 nm), while the CNC samples produced under milder 
hydrolysis conditions showed almost the same crystalline domain sizes of about 4.3 - 4.7 nm, which 
were slightly greater than those of delignified and bleached fibres. The results indicate that the 
crystalline structure of native cellulose was not destroyed during the isolation process when mild 
acid hydrolysis conditions were applied. When spinifex pretreated fibres hydrolysed using higher 
acid concentration (45 % (v/v)) or higher temperature (50 °C), the crystallinity slightly increased 
(77 % for hydrolysed CNC using 35 % (v/v) acid for 3 hours at 50 °C, and 78 % for hydrolysed 
CNC using 45 % (v/v) acid for one hour at 45 ºC). This was attributed to the degradation of less 
stable amorphous regions and less oriented crystalline domains during these hydrolysis conditions. 
Using an acid concentration of higher than 45 % (v/v) might cause the degradation of cellulose, as 
indicated by the diffraction pattern for the hydrolysed sample with 50 % (v/v) acid (see inset in 
Figure 7.5) which did not show the characteristic diffraction spectra anymore. 
 
7.2.5  Effect of acid hydrolysis on thermal properties of spinifex fibres 
Thermogravimetric (TGA and DTA) analyses were used to evaluate the thermal stability of 
spinifex CNC as a function of hydrolysing time and acid concentration. As mentioned before in 
Chapter 5, the decomposition process of bleached fibre (original cellulose) was a one-step pyrolysis 
reaction with the maximum weight loss at about 320 °C (Figure 5.8) while degradation of acid 
hydrolysed cellulose was a multi-step pyrolysis process in which pyrolysis occurred in two 
temperature ranges of  100 - 150 °C and 150 - 400 °C. As found for the other sources of cellulose 15, 
16, acid hydrolysis decreased the thermal stability of CNCs. The weight loss of acid treated samples 
below 150 °C was more than 10% which could be due to the degradation of more accessible and 
highly sulphated amorphous regions. P. Lu et al 17 suggested that this gradual mass loss of cellulose 
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nanocrystal samples could be a direct solid-to-gas phase transitions decomposition which are 
catalysed by surface sulphate groups. Furthermore, decomposition at lower temperatures might 
signify the faster heat transfer in CNC samples in comparison with the raw fibres 17.  At the 
temperature range of 150 to 400 °C, the second step of thermal degradation corresponds to the 
decomposition of glycosyl units that was followed by the formation of a charred residue 18. Figure 
7.7 shows the effect of acid concentration on the thermal stability of CNC. The main degradation 
temperature of the fibre hydrolysed with 35 % (v/v) and 40 % (v/v) acid for 3 hours was almost 
same (about 184 °C), while a comparison of the two CNC samples produced by 45 % (v/v) and 50 
% (v/v) sulphuric acid for 1 hour shows a significant decrease in thermal properties of CNC with 
increased acid concentration due to an increase in sulphate groups. The DTA spectra of treated fibre 
with 50 % (v/v) acid also showed a very low thermal stability indicated by the sharp degradation 
peak at about 130 °C due to enhanced access to the crystal interior through the ends of sulphated 
crystals. In addition, the amount of charred residue at 500 °C for the CNC obtained with 50 % (v/v) 
sulphuric acid was almost 20 % more than the other samples.  
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Figure 7.7. Effect of sulphuric acid concentration on thermal properties of CNC 
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Figure 7.8 shows that the results of investigations on the effect of hydrolysis time on thermal 
properties of CNC was in agreement with the previous observation 18 that higher hydrolysing times 
resulted in CNC samples with a lower thermal stability because of the higher amount of sulphate 
groups on the surface of the nanocrystals. 
 The CNC sample which was treated for 1 hour with 45 % (v/v) sulphuric acid showed the 
highest degradation temperature ( about 263 ºC), despite the use of a higher concentration of acid. 
   
100 200 300 400 500
20
30
40
50
60
70
80
90
100
110
M
as
s 
lo
ss
 (
%
)
Temperature (°C)
 35 % (v/v) acid, 3 h, 45 °C
 35 % (v/v) acid, 6 h, 45 °C
100 200 300 400 500
-0.25
-0.20
-0.15
-0.10
-0.05
0.00
 35 % (v/v) acid, 3 h, 45 °C
 35 % (v/v) acid, 6 h, 45 °C
R
at
e 
o
f 
m
as
s 
lo
ss
 (
m
g
/m
in
)
Temperature (°C)
 
 
 
 
7.2.6  Comparison of the results with previous published work 
CNC can be extracted from almost any cellulosic material including plants, animals (such as 
tunicates), bacteria and algae. The production of CNC from wood, owing to its natural abundance, 
has been introduced as one of the key sources of cellulose. Commercially available MCC and filter 
paper, due to their purity and ready availability in the laboratory, are the other common sources of 
cellulose for basic experiments. However as mentioned before, tunicate has been a favoured source 
of CNC because of its high aspect ratio and crystallinity, and as such has provided an industry 
benchmark. Table 7.5 compares the CNC obtained from spinifex with the CNC obtained from the 
other industry and laboratory sources of cellulose. The diameter of spinifex CNC is in the lowest 
range, while the length of this nanocrystal is certainly at the higher end of the scale. Perhaps even 
more importantly from a composites reinforcement perspective, the aspect ratio of spinifex CNC 
(144) is higher than the aspect ratio of tunicate (83 19). It is worth nothing that the average length of 
spinifex CNC was measured from the samples of shorter crystals which fitted into the single TEM 
images, and so we are confident that our value is very conservative because the longest length 
fraction could not be included in our data set. The degree of crystallinity of spinifex CNC is also in 
Figure 7.8. Effect of hydrolysis time on thermal properties of CNC 
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the high range. The acid concentration used for producing CNC from spinifex is lower than the 
other sources, presumably due to the loose fibre structure which is relatively easy to defibrillate 
using milder conditions.  
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Source Hydrolysis condition Diameter (nm) Length (nm) Aspect ratio Crystallinity    
(%) 
Crystalline 
domain size 
(nm) 
Ref 
Spinifex 40 % H2SO4 at 45 °C for 3 hours 3.45 ± 0.75 497 ± 106 177 73 4.7  
Sisal 65 % H2SO4 at 50 °C for 40 minutes 5 ± 1.5 115 ± 21 23 81 - 20 
Sisal 65 % H2SO4 at 55 °C for 30 minutes 5 ± 1.5 215 ± 67 43 53 - 21 
Sisal 65 % H2SO4 at 60 °C for 15 minutes 4 ± 1 250 ± 100 62.5 - - 22 
Ramie 65 % H2SO4 at 55 °C for 30 minutes 6.5 ± 0.7 185 ± 25 28.5 88 - 20 
Cotton 65 % H2SO4 at 55 °C for 30 minutes 14.3 ± 2 140 ± 15 10 88 - 20 
Cotton 60 - 65 % H2SO4 at 45 °C for 1 hour <10 200 - 400 - - - 17 
Mulberry 64 % H2SO4 at 60 °C for 30 minutes 20 - 40 400 - 500 - 73.4 - 23 
Wheat straw 64 % H2SO4 at 30 °C for 60 minutes 31.3 200 nm - 1mm - 77 - 24 
Rice straw 64 - 65 % H2SO4 at 45 °C for 45 minutes 8 - 14 117 ± 39 - 91.2 8.33 25 
Cotton linters 65 % H2SO4 at 45 °C for 30 minutes 27 141 5.2 - - 26 
Avicel 65 % H2SO4 at 72 °C for 30 minutes 12 105 8.75 - - 26 
Tunicin 48 % H2SO4 at 55 °C for 13 hours 28 1073 38.3 - - 26 
Tunicate 55 % H2SO4 at 60°C for 1 hour 30 ± 5 2500 ± 1000 83.3 -  19 
Raw Flax 64 % H2SO4 at 45 °C for 4 hours 21 ± 7 327 ± 108 15.6  - 27 
Whatman ﬁlter paper 64 % H2SO4 at 50°C for 3.5 hours 34.5 ± 6.1 365 ± 80 10.6 - - 10 
Softwood  64 % H2SO4 at 45 °C for 45 minutes 4.5 ± 0.3 105 ± 4 23.3 - - 28 
Kenaf 65 % H2SO4 at 45 °C for 40 minutes 12.0 ± 3.4 158.4 ± 63.6 13.2 81.8 - 6 
* Aspect ratio of CNCs was calculated based on average diameter and length 
Table 7.5. Comparison between CNC obtained from spinifex with the other industry and laboratory sources of cellulose 
159 
 
7.2.7  Tensile properties of solvent cast CNC-TPU nanocomposites  
The use of cellulose nanocrystal as a reinforcement in composite materials was reported for 
the first time in 1995 by Favier et al who investigated the percolation of nanocrystals extracted from 
tunicates 29. Since then a large number of groups have reported using cellulose nanoparticles as 
fillers in composites due to enhanced mechanical properties in comparison with the traditional 
microscale cellulose fibres. 
In this study, nanocomposite films were prepared from a clear and stable dispersion of strong 
and high aspect ratio spinifex CNC (CNC was obtained from acid hydrolysis using 40 % (v/v) acid 
for 3 hours at 45 °C) in a medium hardness aliphatic thermoplastic polyurethane (TPU) using the 
solvent casting method (see details in Chapter 3, Section 3.2.13). The nanocomposite films with 
different contents of CNC were then tested under uniaxial extension at room temperature (details of 
testing are in Chapter 3, Section 3. 3.10.1) and the results of mechanical properties including 
ultimate tensile stress, tensile strain at break, Young’s modulus and work at fracture (toughness) are 
presented in Figure 7.9 and Table 7.6, with the neat TPU as a reference. The neat TPU film 
possessed a typical high elongation at break of about 1268 %, a high tensile strength of 61 MPa, and 
a Young’s modulus of 7 MPa. The Young’s modulus of this host TPU was increased from 7 MPa to 
11.3 MPa by adding 1 wt% CNC due to some stiffening of the elastomer through reinforcement and 
load transfer by the cellulose crystals network, and the toughness was increased, not insignificantly 
in such a tough elastomer, by about 20%. The increases in the modulus and toughness of the 
composite can be due that the CNCs preferentially interacted with the more polar hard segments of 
the host polyurethane rather than the more hydrophobic soft segments, consequently avoiding the 
undesired stiffening of the soft microdomains and thereby retaining the large and desirable 
elongation of polyurethane nanocomposites 30. The improvement in tensile strength was low for 
these solvent cast composites, noting that 61 MPa is already very strong for this class of materials. 
This can be attributed to the self-aggregations of the high aspect ratio CNCs, which could reduce 
the interfacial area and resulting reinforcement efficiency between the CNC and the polymer matrix 
relative to the overall surface area of CNC, and consequently result in decreased hydrogen bonding 
and deficiency in stress transferral 31. It also has been reported that the nanofibre with the aspect 
ratio smaller than 50 and higher than 100 would not have any major improvement in mechanical 
properties of nanocomposite 2 . In order to optimise these CNC-TPU nanocomposite systems, 
further exploration of ideal CNC surface modifications will indeed be necessary. 
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7.2.8  Tensile properties of reactively extruded CNC-TPU composites 
In this case, the nanocomposites were prepared via reactive extrusion of a stable polyol-CNC 
suspension with dimethyl diphenyl diisocyanate (MDI) and 1,4-butanediol (BDO). Table 7.7 
summarizes the amount of each components used for making blank TPU and its nanocomposites 
with CNC (CNC was obtained from acid hydrolysis using 40 % (v/v) acid for 3 hours at 45 °C).  
 
 Young's 
Modulus  
 (MPa)  
Tensile strain 
       (%)  
Tensile stress 
     (MPa)  
Work at fracture 
      (MJ m-3)  
TPU 7 ± 0.1 1268 ± 9 61 ± 1.4 255 ± 21 
TPU, 0.1wt % CNC 8 ± 0.2 1219 ± 25 56 ± 3.2 252 ± 13 
TPU, 0.25 wt% CNC 9 ± 0.3   1207 ± 16          63 ± 1.2 275 ± 24 
TPU, 0.5 wt% CNC 10 ± 0.5 1176 ± 11 59 ± 3.6 271 ± 9 
TPU, 1 wt% CNC 11.3 ± 0.3 1191 ± 23 67 ± 1.5 299 ± 19 
Table 7.6. Mechanical properties of neat TPU and CNC-TPU nanocomposites produced by solvent 
casting 
Figure 7. 9. Tensile curves of neat TPU and CNC-TPU nanocomposite s produced by solvent 
casting 
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Table 7.7. Conditions applied during reactive extrusion of CNC-TPU nanocomposite   
Sample Polyol type CNC 
content 
(%) 
Isocyanate 
index  
Hard 
segment  
ratio  
Stoichiometry  Polyol 
flow  rate 
(g/h) 
MDI flow  
rate (g/h) 
BDO flow  
rate (g/min)  
Torque 
(%) 
Die 
pressure 
(bar) 
X1 PTMEG1000 - 1 0.44 1 1797.6 1157.6 254.8 26-27 15 
X2 PTMEG1000 + CNC 0.465 1 0.44 1 1812.5 1157.6 254.8 26 16 
X3 PTMEG1000 + CNC 0.465 1 0.44 1.01 1812.5 1169.1 254.8 30-31 21-22 
X4 PTMEG1000 + CNC 0.465 1 0.44 1.02 1812.5 1180.7 254.8 39-40 32-33 
X5 PTMEG1000 + CNC 0.465 1 0.44 1.03 1812.5 1192.3 254.8 43 37-38 
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The nanocomposites prepared from the polyol and CNC suspension with different 
stoichiometric ratios of isocyanate were tested under tension. Figure 7.10 compares the tensile 
curves of the obtained nanocomposite with the neat TPU and Table 7.8 summarizes the mechanical 
properties values of blank TPU and CNC-TPU nanocomposites. The tensile strain of composite 
samples was decreased slightly with increasing the amount of isocyanate while the tensile stress at 
break showed improvement by adding both CNC and employing a higher content of isocyanate. 
This may be due to the increase in the urethane linkage formation between isocyanates and both 
polyol and hydroxyl functional groups available for reaction on the surface of cellulose 
nanocrystals. For example, about a 43 % increase in tensile stress was observed for the 
nanocomposite which contained 0.46 wt % CNC with a stoichiometry of 1.03 (see Table 7.7). 
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Figure 7.10. Tensile curves of neat TPU and CNC-TPU nanocomposites produced by reactive 
extrusion 
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These mechanical properties results of CNC-TPU nanocomposites indicate that the processing 
via reactive extrusion, with the extra shear and in-situ polymerisation, has resulted in 
nanocomposites with higher performance. Further future investigations involving more detailed 
characterisation will give a better understanding of the mechanical property profiles and 
performance possible in these complex TPU nanocomposite systems.  
 
7.3  Summary 
This chapter aims to optimize the acid hydrolysis process for the isolation of high aspect ratio 
cellulose nanocrystals from T. pungens, and the evaluation of reinforcement efficiency of spinifex 
CNC incorporated in thermoplastic polyurethane nanocomposites. Hydrolysis of spinifex pretreated 
fibre at lower temperature and acid concentrations than the regular reported protocols yielded high 
aspect ratio cellulose nanocrystals (CNCs). The average lengths were found to be unaffected by 
intense ultrasonic treatments. Using 40 % (v/v) sulphuric acid at 45 °C for 3 hours was found to be 
an optimum procedure for producing CNC from spinifex with higher yield and the crystallinity of 
73 % and thermal degradation temperature of about 184 °C.  
The nanocomposites processed via a solvent casting method showed a slight increase in 
Young’s modulus and toughness. On the other hand, the nanocomposites processed via reactive 
extrusion with CNC dispersed polyol, exhibited a significant improvement in mechanical properties 
including tensile stress at break, even at very low loadings (0.46 wt%) of spinifex CNC. This 
improvement in mechanical properties for reactively extruded nanocomposites can be related to the 
increased interactions between cellulose nanocrystals and polyurethane matrix, which may involve 
a small degree of covalent crosslinking with CNC through the formation of urethane linkages. The 
Samples Young's Modulus 
(MPa) 
Tensile strain 
(%) 
Tensile stress 
(MPa) 
Work at fracture 
(MJ m-3) 
X1 14.5 ± 1.2 1124 ± 31 41 ± 3 237 ± 10 
X2 16.6 ± 0.3 1115 ± 41 43 ± 1 237 ± 6 
X3 14.5 ± 0.4 1098 ± 21 48 ± 1.2 257 ± 6 
X4 14.5 ± 0.6 1023 ± 11 54 ± 2 250 ± 9 
X5 16 ± 0.7 1012 ± 25         59 ± 3.2 256 ± 14 
Table 7.8.  Mechanical properties of neat TPU and CNC-TPU nanocomposites produced by 
reactive extrusion 
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materials produced were still thermoplastic and could be compression moulded, so this did not 
affect CNC-TPU nanocomposite processability. 
The significance of these findings is that spinifex nanocrystals provide a new, comparatively 
economic and clean source for the cellulose industry and a new benchmark in terms of aspect ratio. 
There is clearly potential for many superior industrial applications. 
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8.1  Conclusions 
Triodia pungens is a soft resinous spinifex with a leaf size of over 30 cm long, and 0.8 - 1.2 
mm wide 1. It mainly grows in regions north of Lat. 27 °S in Queensland, the Northern Territory, 
Western Australia, and north-western South Australia 2. The resin obtained from Triodia pungens is 
a mixture of several different volatile and non-volatile components mainly mono and diterpenoid 
products, some with a labdane type skeleton 3. The use of fibrous and resinous components of 
spinifex has been well-documented in traditional indigenous Australian culture for thousands of 
years. Our wider ARC discovery project was formed with the aim of applying biomimetic theory 
and producing practical outcomes by observing and respecting Aboriginal traditional knowledge, 
and engineering new materials from spinifex building blocks in order to evaluate spinifex properties 
in the context of novel biomimetic materials.  
The primary goal of this study was to discover the unique structure and properties of Triodia 
pungens and its potential applications in material science and engineering. In order to systematically 
achieve this goal, work was separated into the three secondary goals of (i) optimization of resin 
extraction and evaluation of its termiticidal properties, (ii) optimization of the deconstruction of 
spinifex fibre via mechanical and chemical methods, and (iii) an ultimate application of spinifex 
derived nanocrystal as a reinforcement for making high quality nanocomposites.    
During my PhD, the properties and sustainable applications for spinifex in materials science 
using innovative methodologies were examined which led to the discovery of a unique, very high 
grade of cellulose nanofibrils and nanocrystals which can be readily and cost-effectively produced. 
An application for the spinifex resin as a termiticide was also explored in this study. I shall 
summarize each of these findings below. 
 
8.1.1  Spinifex resin and termiticidal properties 
The first secondary goal of this study was focused on the investigations on spinifex resin by 
optimization of spinifex resin extraction with different organic solvents and the subsequent 
application of resin as a termiticide by coating the extracted and dissolved resin on the surface of 
Chapter 8. 
 Conclusions and future recommendations 
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the timber. The optimized conditions for resin extraction with the best thermal properties and 
highest yield were obtained using acetone as a solvent and extraction for 24 hours at 30 °C and 
subsequent drying and annealing at 100 °C for 72 hours and at 35 °C for 24 hours, respectively. The 
resin products resulting from several different extraction conditions were analysed using ATR-
FTIR, DSC, and TGA and it was found that the thermal properties of the resin were significantly 
improved by heat treatment. It was also found, however, that the resin suffers from moisture 
sensitivity and that is rapidly plasticised by the absorption of water from the atmosphere. In field 
trials, it was shown that the application of acetone extracted resin onto timber blocks showed that 
spinifex resin coatings successfully provide effective termite resistance against the very destructive 
termite species of Mastotermes darwiniensis. 
 
8.1.2  Defibrillation of spinifex fibre   
Another secondary goal was defibrillation of spinifex fibres which entailed the discovery that 
spinifex grass has unique attributes that enable its easy deconstruction into very high quality and 
low-cost cellulose nanofibrils. Figure 8.1 summarizes the applied procedures to produce nanofibrils, 
and the properties of the different cellulosic products obtained at each stage of processing or 
treatment.  
 
 
Figure 8.1. Flowchart summarizes applied procedures to produce nanofibrils 
 
170 
 
The preliminary study on pulping spinifex fibre involved the application of two different 
methods of delignification: (a) organosolve and (b) alkali, and subsequent bleaching using milder 
conditions than the other reported pulping methods used for producing NFC and CNC. The purified 
cellulose fibres were analysed by TAPPI standard methods to determine different components and 
characterized with different analysis methods such as; ATR FTIR, XRD, TGA, SEM, and TEM. 
The results of chemical analysis of spinifex grass before and after pulping indicated that spinifex 
grass contains an unusually high amount of hemicellulose (almost 40 % (w/w)) which even after 
delignification and bleaching remains on the surface of the cellulose. X-ray results showed that 
spinifex fibre is crystalline in nature and has the structure of cellulose I. Delignification and 
bleaching of spinifex resulted in an increase in crystallinity of almost 30 % in comparison to the 
raw fibre. The thermal stability of delignified and bleached fibres also showed an improvement 
after these treatments were performed.  
In order to produce cellulose nanofibrils from spinifex grass, pretreated fibres were 
subsequently processed with three different mechanical methods; homogenization, ultrasonication, 
and high energy milling. All three techniques yielded nanofibrils of very small diameters (below 40 
nm) and long lengths (several microns). Homogenization of pretreated fibres produced an 
unprecedentedly high aspect ratio NFC, even after only a single pass through the homogenizer at 
350 bar, and without any clogging issues. Ultrasonication of spinifex pretreated fibre also resulted 
in the production of high aspect ratio NFC at short ultrasonication times and low energy. It should 
be taken into account that the scalability of defibrillation via ultrasonication to obtain a high yield of 
relatively monodisperse nanofibrils is still questionable. Using high energy milling for defibrillation 
of pretreated fibre also produced long and thin NFC. Milling at high speed caused the breakdown 
the NFC into smaller cellulose nanocrystals (CNC), however contamination and re-agglomeration 
of the product was evident using this processing route. To summarize, the amount of energy and 
chemicals required to produce NFC from spinifex biomass is very low when spinifex NFC is 
benchmarked against the other leading academic and commercially available nanofibrils, and it has 
the highest aspect ratio with respect to these other reported cellulose nanofibrils. The high amount 
of hemicellulose facilities defibrillation process and leads the use of lower energy processing, and 
very mild pulping. A cartoon showing what we believe to be the structure for the cellulose 
nanofibrils obtained from spinifex is illustrated in Figure 8.2. Crystalline and amorphous parts of 
nanofibrils are covered by a thin layer of hemicellulose which works as a “glue” to prevent 
breakage of amorphous parts and results in very long, tough and flexible nanofibrils. The XRD, 
TGA, and mechanical analysis showed that spinifex NFC has a crystallinity of about 69 %, with a 
thermal degradation temperature of about 320 °C and a tensile stress and toughness (for vacuum 
filtered nanopaper) of about 84 MPa and 12 MJm-3 respectively. The transverse elastic modulus of 
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individual nanofibrils is in the range of 19 - 23 GPa. It seems that spinifex NFC can potentially 
provide different applications in multiple industries including membranes and filtration 4, 5, 
electronics such as separators for batteries, supercapacitors and flexible electronics 6-8, and 
biomedical applications such as wound dressings and tissue engineering scaffolds 9, 10. 
 
 
Figure 8.2. Predicted structure of spinifex NFC covered by a thin layer of hemicellulose 
 
Similarly, acid hydrolysis at lower acid concentration and temperature (using 40 % (v/v) acid 
at 45 °C) than the regular reported protocols, yielded high aspect ratio cellulose nanocrystals 
(CNC). The average length was found to be unaffected by further intense ultrasonic treatments. The 
crystallinity of the spinifex CNC sample was about 73 % and thermal degradation temperature was 
about 184 °C.  
The remarkable traits of spinifex appear to trace back to the evolution of the grass 
(combination of a modified C4 leaf anatomy, and a unique structural morphology with high 
hemicellulose content) and its adaptation to the extremely hot and dry conditions in semi-arid 
Australia, where spinifex forms the dominant vegetation over approximately 27 % of the continent 
11, 12. More fundamental work is required in order to elucidate the relationship between spinifex 
species (69 exist), plant evolution, plant physiology, effects of environmental gradients and ease of 
deconstruction into the various nanocellulose products. 
 
8.1.3  Nanocomposite based spinifex nanocrystal and thermoplastic polyurethane 
The solvent cast TPU nanocomposites reinforced with spinifex CNC only showed moderate 
improvements in mechanical properties with increasing CNC loading due to agglomeration of the 
high-aspect ratio CNC in the TPU host polymer matrix, while the CNC-TPU nanocomposite 
processed via polyol pre-dispersion and reactive extrusion exhibited significant improvements in 
tensile strength and toughness due to enhanced dispersion and a small amount of covalent reactions 
between cellulose nanocrystals, diisoyanate, and polyol during high shear in-situ polymeristaion. 
This class of nanocomposites appears to be a very promising direction for further research and 
development. 
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8.2  Future research recommendations 
As a materials science thesis, this work has significantly contributed to the understanding of 
(a) spinifex resin and its application as a termiticide, and (b) spinifex fibre and its derivative 
cellulose nanofibrils and nanocrystals. Consequently, these studies will form the basis of future 
investigations. As mentioned before the outstanding finding of this study resulted in a patent 13 
application which has already provided a new funding opportunity (2014 UQ collaboration and 
industry engagement fund (CIEF) - 2013002412) to perform in-depth investigations in the 
following areas: 
 
 Investigation the derivability of NFC from the other widely distributed spinifex 
species, and the effects of growth conditions and plant structural elements on NFC 
yield and quality; 
The material properties and processing of further spinifex species will be systematically 
evaluated. This strategy ensures the identification of the best biomass starting materials required to 
achieve a given NFC property profile. It is expected there will be variation between species, 
especially hard and soft types, of nanofibril and nanocrystal properties. 
 
 Elimination of inorganic components from spinifex suspension ; 
Spinifex grass takes up mineral inorganic ions from the soil and even after mild hydrochloric 
acid treatment, these ions will remain on the surface of nanofibres. Some different methods such as 
hydrochloric acid treatment after washing the grass (before grinding and pulping), or adding 
hydrochloric acid in the bleaching solvent instead of glacial acetic acid can be applied to remove the 
inorganic components. As part of these studies it will be necessary to measure the degree of 
polymerization (DP) of these samples after each treatment in order to monitor and minimise 
molecular weight reduction. 
 
 Development of techniques for the direct, unambiguous determination of the sulphate 
groups on the surface of CNC after acid hydrolysis; 
Our team’s future research will explore the use of conductometric titration as a possible 
technique to measure the amount of sulphate groups on the surface of cellulose nanocrystals. 
Among other things, sulphate groups on the surface of the CNC diminish the thermal stability of 
composite materials in which the CNC are used as a filler, so it is important to optimize the 
hydrolysis conditions with sulphate measurement when CNC is being used to make nanocomposites 
14. 
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 A detailed understanding of the full spectrum of mechanical properties of nanopaper 
and individual nanofibrils using Instron and AM-FM  
Further investigations will be done on increasing the strength of interfibril bonding of NFC 
nanopaper in order to achieve the most attractive strength-stiffness-toughness balance for particular 
applications such as filtration media or electronic spacers. Our collaboration with Purdue as well as 
with Asylum (AFM instrument manufacturer) needs to continue to develop and refine the AM-FM 
based method in order to measure the elastic modulus of individual NFC. Developing a very fast 
and valuable tool for assessing NFC quality will be important for many investigators working on 
these materials. 
 
 Measuring the specific surface area using Brunauer-Emmett-Teller (BET), and the 
degree of polymerization estimate based on the intrinsic viscosity; 
The optical, mechanical, and permeability properties of NFC samples can be influenced by 
specific surface area. Thus the measurement of specific surface area could be helpful to understand 
the physical properties of nanofibril networks and its reinforcement effects in various host polymers 
15, 16. 
The degree of polymerization (DP) is an important parameter for evaluating the length and 
branching of cellulose chains, and is frequently used to assess NFC products. Since the mechanical 
properties of NFC-based materials are strongly dependent on fibre length, evaluation of DP could 
provide valuable information about subsequent comparisons of NFC films 17. 
 
 Chemical analysis of spinifex CNC 
The amount of different components in spinifex CNC after acid hydrolysis will be determined 
by TAPPI standard methods. After acid treatment the amount of hemicellulose will decrease, but we 
believe that in case of spinifex CNC, still some remnant hemicellulose will be present covering the 
surface of CNC which assists in production of long nanocrystals. Further quantification of this will 
be required as a function of spinifex species, plant component (eg leaf tip, stem, root, runner), 
environmental gradient, etc. 
 
 Resin bio-refining 
Determination of the composition of spinifex resin can be done by analysis of the secondary 
metabolites from the resin by extracting these in an organic solvent 18, 19. This extract would be 
largely free of primary metabolites (such as amino acids and sugars) and biological polymers which 
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will hopefully allow the identification of the main classes of compounds present, and perhaps 
identify a few of the major aromatic components. 
With fresh plant material, the first step often involves extraction with a nonpolar solvent such 
as hexane in order to remove hydrocarbons and waxes, as these materials interfere with subsequent 
characterisation of the more polar compounds. 
Steam distillation of the plant material is also commonly performed in order to remove and/or 
identify volatile materials commonly known as “essential oils” 20-22. Once again, these oils would 
influence the characterisation of extract and make extraction more difficult. 
The approach that we propose would involve these preliminary steps. The subsequent steps 
would involve further successive extraction with solvents of increasing polarity in order to further 
fractionate the material and make characterisation easier at the same time it will provide material 
suitable for further applications. There are several possible choices of solvents but we would need 
to establish the most suitable ones by experimental trials. A summary of this approach is: 
 
Phase one; 
 Distillation using atmospheric pressure steam in order to isolate and characterise any 
essential oil fraction. 
 Characterisation of the volatile material by combined Gas Chromatography-Mass 
Spectrometry (GC-MS) 
 
Phase two; 
 Extraction using a nonpolar solvent such as hexane with soxhlet technique. This procedure 
would be carried out both on the original extract and on the residue from the steam 
distillation. Partial characterisation of this extract would be attempted by Nuclear Magnetic 
Resonance (NMR) spectroscopy and/or GC-MS depending on the composition of the 
extract. 
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